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Abstract
This work presents a systematic review of the feature-rich essential properties
in graphene-related systems using the first-principles method. The geometric and
electronic properties are greatly diversified by the number of layers, the stacking con-
figurations, the sliding-created configuration transformation, the rippled structures,
and the distinct adatom adsorptions. The top-site adsorptions can induce the signif-
icantly buckled structures, especially for hydrogen and fluorine adatoms. The elec-
tronic structures consist of the carbon-, adatom- and (carbon, adatom)-dominated
energy bands. There exist the linear, parabolic, partially flat, sombrero-shaped and
oscillatory band, accompanied with various kinds of critical points. The semi-metallic
or semiconducting behaviors of graphene systems are dramatically changed by the
multi- or single-orbital chemical bondings between carbons and adatoms. Graphene
oxides and hydrogenated graphenes possess the tunable energy gaps. Fluorinated
graphenes might be semiconductors or hole-doped metals, while other halogenated
systems belong to the latter. Alkali- and Al-doped graphenes exhibit the high-density
free electrons in the preserved Dirac cones. The ferromagnetic spin configuration
is revealed in hydrogenated and halogenated graphenes under certain distributions.
Specifically, Bi nano-structures are formed by the interactions between monolayer
graphene and buffer layer. Structure- and adatom-enriched essential properties are
compared with the measured results, and potential applications are also discussed.
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1. Introduction
The condensed-matter systems purely made up of carbon atoms include diamond, [1]
graphites, [2, 3] graphenes, [4, 5] graphene nanoribbons, [6–8] carbon nanotubes, [9–11]
carbon toroids, [12, 13] C60-related fullerenes, [14, 15] and carbon onions. [16, 17] Such
systems, with various dimensions, are formed by the very active bondings related to the
four atomic orbitals; furthermore, they are suitable for studying the unique phenomena. All
of them possess the sp2-bonding surfaces except the sp3 bonding in diamond. Specifically,
the few- and multi-layer graphenes have been manufactured using various methods since
the first discovery in 2004 by the mechanical exfoliation. [4] Graphene exhibits a plenty of
remarkable essential properties arising from the hexagonal symmetry and the nanoscale size,
such as an anomalous quantum Hall effect, [18, 19] an exceedingly high mobility of charge
carriers, [20,21] a high transparency, [22,23] the largest Young’s modulus of materials ever
tested, [24, 25] the diverse optical selection rules, [26, 27] the rich magnetic quantization,
[28, 29] the unusual plasmon modes, [30, 31] and the semiconducting and semi-metallic
behaviors. [32–34] To create the novel phenomena and extend the potential applications,
the electronic properties can be easily modulated by the layer number, [35, 36] stacking
configuration, [33, 36] mechanical strain, [37, 38] sliding, [39, 40] doping, [41, 42] electric
field, [32,43–45] magnetic field, [46,47] and temperature. [48,49] This review work is focused
on the layer number-, stacking-, shift-, ripple- and doping-dependent geometric structures
and electronic properties by using the first-principles calculations. The structure-enriched
pristine graphenes, graphene oxides, hydrogenated graphenes, and the halogen-, alkali-, Al-
and Bi-doped graphenes are taken into consideration. The physical and chemical pictures
are proposed to comprehend the newly created phenomena, especially for the multi-orbital
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chemical bondings. The orbital hybridizations among the same/distinct atoms, which
account for the main features of electronic structures, are explored in detail, e.g., the effects
of chemical bondings on the Dirac-cone structures, energy gaps, semiconducting, semi-
metallic and metallic behaviors, adatom-dependent energy bands, free electrons and holes,
spatial charge distributions, specific adatom nanosclusters, and special structures in density
of states (DOS). Spin configuration is another focus on hydrogenated and halogenated
graphenes. A detailed comparison with the other theoretical studies and the experimental
measurements is made. The high potentials in various materials applications are also
discussed.
The stacking symmetry plays a critical role in the essential properties of layered graphenes.
The pristine graphenes, with the stacking order [50–58] or the turbostratic structure, [59–61]
have been observed by the various experimental methods. In general, the stacking config-
urations are presented in the forms of AAA, ABA, ABC and AAB. These typical systems
exhibit rather different characteristics in electronic properties, [62–67] magnetic quanti-
zation, [29,67–69] optical excitations, [43,70–72] transport properties, [73–76] and phonon
spectra. [77–80] The electronic structures are extensively investigated by the first-principles
calculations [81–84] and the tight-binding model. [29,67,68,85] These studies show that the
interlayer atomic interactions of carbon 2pz orbitals dominate the low- and middle-energy
electronic structure. The main energy bands, the linear, parabolic, partially flat, sombrero-
shaped and oscillatory ones, depend on the stacking configurations. The stacking-induced
important differences in energy dispersions can diversify the quantization phenomena, se-
lection rules, Hall conductances and Raman spectra. For example, the magnetoelectronic
properties of the higher-symmetry AAA stacking have the monolayer-like quantized Lan-
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dau levels (LLs) with the well-behaved modes, [29] while those of the lower-symmetry
AAB stacking present the splitting LLs and the frequently anti-crossing behavior. [67]
On the experimental side, scanning tunneling microscopy (STM), [50, 55] angle-resolved
photoemission spectroscopy (ARPES), [52,53,86–88] and scanning tunneling spectroscopy
(STS) are, [89–95] respectively, utilized to verify geometric structures, band structures, and
density of states (DOS). Up to now, the experimental measurements have identified the
interlayer distance of 3.55 A˚ (3.35 A˚) in AA (AB) stacking, [50,55] the Dirac-cone structure
in monolayer system, [53, 86, 87] the parabolic dispersions in bilayer AB stacking, [53, 88]
the linear and parabolic bands in tri-layer ABA stacking, [52, 53] the weakly dispersive,
sombrero-shaped and linear bands in tri-layer ABC stacking, [52] and a lot of stacking- and
layer-enriched van Hove singularities in DOS. [89–95]
How to create the dramatic transitions of essential properties in pristine graphenes is one
of the mainstream topics. The critical factors are the obvious changes in geometric struc-
tures, such as, the electrostatic manipulation of STM on stacking symmetry [56,96–98] and
the successful synthesis of graphene ripple using chemical vapor deposition (CVD). [99–101]
The sliding bilayer graphene and monolayer rippled graphene are suitable for a model study.
The former has been studied in the electronic, [39,40] magnetic, [102] optical, [72,103] trans-
port [104] and phonon [105] properties. The transformation between two specific stacking
configurations will induce the continuous variation in the interlayer atomic interactions of
2pz orbitals and thus leads to the diverse/unique physical phenomena. For example, two
isotropic Dirac-cone structures are transformed into two pair of parabolic bands during
AA→AB. [39, 40] Furthermore, the sliding bilayer graphene exhibits three kinds of LLs,
the well-behaved, perturbed and undefined LLs, and three magneto-optical selection rules of
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∆n = 0, ± 1 & ± 2 (n quantum number for each LL). [102,106] As for rippled graphenes,
the charge distribution of carbon four orbitals becomes highly non-uniform on a curved
surface. The sp2 bonding is dramatically changed into the sp3 bondings in the increase
of curvature. The theoretical calculations show that the curvature effects, the misorienta-
tion of 2pz orbitals and hybridization of (2s, 2px, 2py, 2pz) orbitals, dominate the essential
properties, e.g., the seriously distorted Dirac cone and the semiconductor-semimetal tran-
sition. [107, 108] The similar effects are clearly revealed in 1D carbon nanotubes, e.g.,
the largely reduced energy gaps in zigzag nanotubes [109–111] and the metallic ones with
very small radii. [112, 113] However, the distinct dimensions and boundary conditions will
account for the main differences between rippled graphenes and carbon nanotubes. The
position-dependent STS measurements on graphene ripple are made to explore the relation
between curvatures and electronic structures, [99–101] e.g., the V-shaped spectrum and
many special structures in the differential conductance. The curvature-induced charge dis-
tribution provides an available chemical environment for potential materials applications.
The chemical modification on graphene surface is emerging as a useful tool to engineer
new electronic properties. The adatom adsorption is a very efficient method in generating
the gap-tunable semiconductors and the 2D metals with high free carrier density. All the
pristine graphenes exhibit the gapless or narrow-gap behaviors in the absence and presence
of external fields, [32, 43–47] clearly illustrating the high barriers in gap engineering. The
significant gap opening in the electronic properties is an important issue for the future na-
noelectronic and optical devices. Graphene oxides (GOs) are a potential candidate, since
their energy gaps could be easily modulated by the distribution and concentration of oxygen
adatom. GOs have been successfully synthesized by the distinct chemical processes, espe-
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cially for the four methods developed by Brodie, [114] Staudenmaier, [115] Hummers, [116]
and Tang. [117] Three kinds of chemical bonds, C-O, O-O and C-C bonds, are formed
in GOs, as indicated from the theoretical studies. [118–122] Apparently, the atomic in-
teractions of carbon 2pz orbitals are not the critical factors in determining the essential
properties. The comprehensive orbital hybridizations, which are responsible for the gap
opening and the rich electronic properties, are worthy of a systematic investigation. The
first-principles calculations show that the atom- and orbital-related hybridizations could be
analyzed by using the atom-dominated energy bands, the spatial charge distributions, and
the orbital-projected DOS. [118,119] Such hybridizations are very useful in understanding
the relation between the forms of chemical bondings and the concentration-dependent en-
ergy gaps, and the oxidization-induced drastic changes of band structures. For example,
the various chemical bondings can destroy the of Dirac cone and generate the O-, C- and
(C,O)-dominated energy bands with many van Hove singularities. Energy gaps in the ab-
sence of Dirac cone are confirmed by the ARPES [123] and STS [124] measurements. GOs
present the diverse chemical environments suitable for materials engineering.
Graphane, a 2D hydrocarbon compound with the extended covalent C-H bonds, is first
proposed by Sofo et al. [125] In general, hydrocarbon systems could be readily oxidized to
generate carbon dioxides and water with a considerable energy release, so that they are
good fuel materials. Graphane is predicted to be a wide-gap semiconductor of Eg ∼ 3.5
eV. Energy gaps are easily modulated by changing the concentration and distribution of
H adatoms; [126–129] therefore, hydrogenated graphenes are very suitable for essential
science and technical applications. The chemical adsorption of H adatoms on graphene
surface is successfully produced by the hydrogen plasma under electrical discharge, [130,131]
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electron irradiation of adsorbates (H2O and NH3), [132] and plasma-enhanced CVD. [133]
The hydrogen concentration could be estimated from the intensity ratio of D and G bands
in Raman spectroscopy. [130, 131] Moreover, the hydrogen adatom-induced energy gap is
verified from the ARPES [134,135] and STS measurements. [136,137] This clearly illustrates
that hydrogen adatoms have strong chemical bondings with carbon atoms, even if the
former only possess one 1s orbital. They are located at the top sites, as revealed from the
theoretical predictions [125–129] and the experimental identifications. [138] These optimal
adsorption positions can create an obvious buckling of a hexagonal structure corresponding
to the various bond lengths and angles. The curvature effects will lead to the drastic
changes of carbon sp2 bondings and thus the extra orbital hybridizations. In addition to
the rich geometric and electronic properties, the theoretical calculations present the non-
magnetic and magnetic properties, strongly depending on the hydrogen distribution. [139]
Hydrogenated graphenes might exhibit the splitting of spin-up and spin-down energy bands.
Such electronic states in transport measurements are expected to produce the spin-polarized
currents, indicating potential applications in spintronic devices. [128,140–143]
Halogen atoms have very strong electron affinities, so that the significant chemical bond-
ings with carbon atoms can create the dramatic changes of essential properties. They are
ideal adsorbates on graphene surface for studying the diversified phenomena. Whether
five kinds of halogen adatoms possess the similar features or present the important differ-
ences deserves a systematic investigation. The fluorinated graphenes have been successfully
synthesized by the fluorination methods of direct gas, [144, 145] plasma, [146, 147] photo-
chemistry [148,149] and hydrothermal reaction. [150,151] A plenty of experimental [152,153]
and theoretical [154, 155] studies show that such systems belong to the unusual semicon-
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ductors or the p-type metals, depending on the fluorination conditions. The large energy
gaps due to the high fluorination are clearly evidenced in the experimental measurements
of electrical resistances, [144, 152] optical transmissions, [152, 153] and photoluminscence
spectra. [153] Furthermore, the p-type doping is identified from ARPES measurements on
the redshift of the Fermi level. [156] The tunable electronic properties clearly indicate the
potential applications in various areas, e.g., lithium batteries, [157] supercapacitors, [158]
biological scaffold materials, [159] printing technologies, [160] molecule detectors, [161]
and biosensors. [162] Specifically, the theoretical calculations predict the ferromagnetic
behavior, [163] while the measured magnetic moment presents the temperature-dependent
paramagnetism. [164] This difference might be due to the non-uniform adatom clusters
formed in rippled graphene. There also exist the experimental syntheses on the chlori-
nated, [165, 166] brominated, [167] and iodinated [168] graphenes. From few theoretical
calculations, [154, 155] the (Cl,Br,I,At)-absorbed graphenes are predicted to be in sharp
contrast with the fluorinated systems, including the geometric, electronic and magnetic
properties. The main differences might lie in the critical orbital hybridizations of the
halogen-C bonds. The former have many free holes for any adatom distribution and con-
centration, as confirmed by the upshift of the graphitic G-band phonon. [166]
Alkali atoms can create active chemical environments to form the critical interac-
tions with other atoms or molecules, since each of them possesses a s-state electron in
the outmost orbital. The significant interactions between graphene-related systems and
alkali-metal atoms have long been intensively investigated, such as, graphite intercalation
compounds, [169] and alkali-doped carbon nanotubes [170, 171], graphenes [88, 172], and
fullerenes. [173, 174] The intercalation of alkali atoms within graphitic layers and their
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adsorptions on hexagonal surfaces are very efficient n-type chemical dopings. The alkali-
induced free electrons are rather suitable for studying the diverse quasiparticle phenom-
ena in the different dimensional systems. [87] Potassium, [87, 88, 172, 175] lithium, [176]
sodium, [177] rubidium, [178] and caesium [178] adatoms have been successfully utilized
to chemically dope pristine graphene systems. The tunable conduction electron density is
directly confirmed by ARPES. [87,88,177,179,180] The alkali-adsorbed graphenes present
an obvious red shift in the Dirac-cone structure, as revealed from the experimental and
theoretical investigations. [181–184] The critical orbital hybridizations in alkali-carbon in-
teractions could be understood from the detailed analyses on the first-principles calcula-
tions. They will determine where the carbon- and alkali-dominated energy bands come
to exist. [184] For example, the occupied conduction electrons are related to the former or
both, depending on the free carrier density. The creation of 2D free carrier density is a quite
important topic, while it is difficult to get an accurate value from energy bands within the
first Brillouin zone. The alkali-adsorbed graphene nanoribbons will be introduced to see
how many electrons contributed by alkali adtoms become free conduction carriers, mainly
owing to a linear relation between the Fermi momentum and the 1D carrier density. A
systematic study predicts that each alkali adatom contributes the outermost s-state orbital
to built the Fermi sea through the critical interactions. Specially, the free-carrier density is
linearly proportional to the adatom concentration, but independent of the edge structure,
the ribbon width, and the kind and distribution of alkali atoms. In the first-principles
calculations, the Bader analysis is frequently used to judge the charge transfer between
two different atoms. Whether this method is suitable in calculating the free-carrier den-
sity will be discussed. The very high free-carrier density generated by alkali adatoms in
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graphene-related systems is very useful in developing the next-generation nanoelectronic
devices. [185,186]
Al atoms possess three valence electrons in their outer shells, creating the active chemi-
cal environments in the strong interactions with other elements, such as carbon, hydrogen,
silicon, and some heavy metals. The theoretical studies show that the most stable ad-
sorption of Al adatoms on graphene surface corresponds to the hollow site. [181, 447] The
Al-doped graphenes are predicted to present the n-type doping, [181, 184] as revealed in
the alkali-doped systems. These two systems might have the comparable DOS at the Fermi
level and the free electron density. [184] The Al-substituted systems might serve as potential
hydrogen storage materials at room temperature, in which the functional capacity is largely
enhanced by the Al atoms due to the strong Al-C bonds. [187] Carbon monoxide could be
detected by the drastic changes in electrical conductivity before and after molecule adsorp-
tion, [188] mainly originating from the more valence electrons of Al. On the experimental
side, Al-related molecules exhibit the significant chemical reactions, being available in the
high-performance rechargeable aluminium-ion battery. [189] Specifically, layered graphene
systems are frequently grown on various substrates, such asthe widely used silicon carbide,
Au and Ag metals. Controlling the adatom nano-structures by the critical interactions
between adsorbates and substrates is very important in the fabrication of low-dimensional
materials with unique electronic properties. Recently, the corrugated substrate and buffer
graphene layer have been observed by STM. [190, 191] A large-scale hexagonal array of
Bi atoms is clearly revealed at room temperature, while such adatoms are aggregated in
triangular and rectangular nanoclusters as a meta-stable structure during the annealing
process. The high structural stability and tunable adatom distributions is very useful in
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developing the next-generation nanoelectronic devices.
In this work, the essential properties are investigated by the first-principle density func-
tional theory using the Vienna ab initio simulation package. [192] The exchange-correlation
energy due to the electron-electron interactions is calculated from the Perdew-Burke-
Ernzerhof functional under the generalized gradient approximation. [193] The projector-
augmented wave pseudopotentials are employed to evaluate the electron-ion interactions.
[194] The wave functions are built from the plane waves with a maximum energy cutoff of
500 eV. The spin configurations are taken into account for the adatom-adsorbed graphene
systems. The vacuum distance along the z-axis is set to be 15 A˚ for avoiding the interac-
tion between two neighboring cells. Furthermore, the van der Waals force is employed in
the calculations using the semiemprical DFT-D2 correction of Grimme [195] to correctly
describe the interactions between two graphene layers. The first Brillouin zone is sampled
in a Gamma scheme along the two-dimensional periodic direction by 12× 12× 1 k points
for structure relaxations, and by 100× 100× 1 for further calculations on electronic prop-
erties. The convergence criterion for one full relaxation is mainly determined by setting
the Hellmann-Feynman forces smaller than 0.01 eV/A˚ and the total energy difference of
∆Et < 10
−5 eV. For the pristine structure-dependent graphenes and the adatom-doped
graphenes, the calculated results include the ground state energy, binding energy, interlayer
distance, bond length, bond angle, position and height of adatom, adatom nanostructure,
band structure, adatom-induced energy gap and free carriers, charge distribution, spin
configuration; total and orbital-projected DOSs. They are compared with the ARPES
and STS measurements. Specifically, the multi-orbital chemical bondings are identified
from the atom-dominated energy bands, the spatial distributions for charge and charge
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difference, and the orbital-projected DOSs. Such bondings play a critical role in the es-
sential properties; that is, they are responsible for the diverse electronic properties of the
graphene-related systems. This point of view could be further extended to any condensed-
matter systems. In addition, the tight-binding model is utilized to understand part of the
theoretical predictions.
This review article broadly covers the fields related to few-layer graphene systems with
the forms of AAA, ABA, ABC, AAB, sliding, and rippling configurations, and the dopings
due to various adatoms. Furthermore, it investigates a lot of factors affecting the geomet-
ric and electronic properties, e.g., the hexagonal symmetry, mirror/inversion symmetry,
rotational symmetry, stacking configuration, curvature, boundary condition, adatom dis-
tribution and concentration, charge transfer, orbital hybridization, spin arrangement, and
buffer layer/substrate. The optimal geometric structures focus on the interlayer distance,
bond length, bond angle, critical curvature, position and height of adatom, and nanos-
tructure of adatom. The main features of energy bands are revealed in the contribution
of atom, energy dispersion, existence of Dirac cone, isotropy or anisotropy, symmetry or
asymmetry about EF , energy gap, critical point, constant-energy surface, state degener-
acy, and spin-induced splitting. The 2D critical points can exhibit the special structures
in DOS, including the V-shaped form, shoulders, asymmetric peaks, and symmetric peaks.
In addition to the essential properties, materials functionalities and potential applications
are also discussed. In chapter 2, the stacking-enriched electronic properties are studied
for four kinds of tri-layer graphenes, in which the similarities and differences are explored
detailedly. The discussions on the consistence with the ARPES and STS measurements
and the further examinations are made. The dramatic transformations of electronic struc-
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tures could be observed by sliding in bilayer graphene and rippling in monolayer graphene,
as clearly indicated in chapter 3. The effects arising from the interlayer atomic interac-
tions and the non-uniform charge distribution on a curved surface deserve a systematic
investigation, especially for the semiconductor-semimetal transition in rippled graphens.
To see strong sp3 hybridizations and boundary conditions, carbon nanotubes are shown
in chapter 3.2. Chapters 4, 5, 6, 7 and 8, respectively, correspond to O-, H-, halogen-
, alkali-, and Al- and Bi-doped graphenes. The atom-dominated energy bands, spatial
distributions for total charges and charge differences, magnetic configurations, and total
and orbital-projected DOSs are analyzed in detail. The complex orbital hybridizations are
obtained for various adatoms. Five types of pi bondings are proposed to account for the
concentration-dependent energy gaps in semiconducting graphene oxides. The significant
orbital hybridizations in C-H and C-C bonds induce the middle, narrow and zero gaps,
being sensitive to the changes of distribution and concentration. The spin-split energy
bands are examined for the H-, Cl- and Br-doped graphenes. The strong affinity of halogen
adatoms can create free holes, while the F-doped systems might become semiconductors at
sufficiently high concentration. The metal-semiconductor transition is associated with the
complex multi-orbital hybridizations. On the other hand, the alkali-doped graphenes have
high free electron densities, being insensitive to the distinct adatoms. The relation between
the pi bonding and the adatom-carbon hybridization is explored to comprehend why the
red-shift Dirac-cone structures could be observed in alkali- and Al-doped graphenes. The
alkali-doped graphene nanoribbons are introduced to accurately evaluate the free carrier
densities. Specifically, for Bi-doped graphene, the six-layered substrate, corrugated buffer
layer, and slightly deformed monolayer graphene are all simulated. The transformation
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from the most stable hexagonal array to the meta-stable nanocluster is determined by
the interactions between buffer layer and monolayer graphene. Finally, chapter 9 contains
concluding remarks and future outlook.
2. Few-layer graphenes
Up to now, four kinds of typical stacking configurations, AAA, [50] ABA, [51–53]
ABC, [51, 52, 54] and AAB, [55–58] have been successfully synthesized by the experimen-
tal methods. The AAA stacking is revealed in graphite intercalation compounds, whereas
the ABA and ABC stackings exist in natural graphite. [169] The AA-stacked graphene
is grown on diamond (111) surface using a high-density dc plasma in hydrogen-methane
mixtures. [50] Both ABA and ABC stacking are frequently observed by mechanical exfo-
liation of kish graphite, [196, 197] CVD, [198–201] chemical and electrochemical reduction
of graphite oxide, [202–204] arc discharge, [35, 205, 206] an electrochemical method that
uses oxalic acid (C2H2O4) as the electrolyte, [207] and the flame method. [208] Specifically,
the AAB stacking could be produced by rotating the top graphite layer against the sub-
layers, [55] the electrostatic-manipulation STM, [56] mechanical cleavage, [57] liquid phase
exfoliation of natural graphite, [58] and chemical growth on Ru (0001) surface. [94] The
STM technology is utilized to tune the stacking configuration continuously. [56]
Few-layer graphenes can exhibit feature-rich essential properties, especially for the high-
symmetry stacking systems. The tri-layer AAA-, ABA-, ABC- and AAB-stacked graphenes
are suitable for a systematic study. Two neighboring layers in the AA stacking, as shown
in Fig. 1, have the same (x,y) projections, while those in the AB stacking shift to each
other by the C-C bond length along the armchair direction. Each graphene layer is a rather
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stable plane because of the quite strong σ bondings formed by (2s,2px,2py) orbitals. The
interplane attractive forces come from the weak Van der Waals interaction associated with
the 2pz orbitals. The first-principles calculations show that the ground state energies are,
respectively, −55.832866 eV, −55.857749 eV, −55.862386 eV, and −55.864039 eV for the
AAA, ABA, ABC and AAB stackings. Only slight energy differences among them indicate
the near-future promise in the experimental synthesis. Also, the inter-layer distance (3.52-
3.53 A˚) in the AA stacking is larger than that (3.26-3.27 A˚) in the AB stacking.
The electronic properties of planar graphenes are mainly determined by the 2pz-orbital
bondings, the honeycomb symmetry, the stacking configurations and the number of layers.
The tri-layer AAA, ABA, ABC and AAB stackings are predicted to have the unusual
energy bands, respectively: (1) the linearly intersecting bands (the almost isotropic Dirac-
cone structures), (2) the parabolic bands and the linear bands, (3) the weakly dispersive
bands, the sombrero-shaped bands, and the linear bands; (4) the oscillatory bands, the
sombrero-shaped bands, and the parabolic bands. Such energy dispersions can create the
special van Hove singularities in density of states (DOS). The former three systems are
semimetals with valence and conduction band overlaps, while the last one is a narrow-
gap semiconductor of Eg ∼ 10 meV. The diverse electronic structures can be verified by
ARPES. Furthermore, the differences in the DOSs are useful in distinguishing the stacking
configurations by the STS measurements.
2.1 AAA stacking
The interlayer atomic interactions in few-layer graphene can induce free electrons and
holes with the same carrier density. Monolayer graphene has one pair of linear energy bands
intersecting at the Fermi level (EF ) because of the honeycomb symmetry. The isotropic
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Dirac cone only creates a vanishing DOS at EF ; therefore, the single-layer graphene is
a zero-gap semiconductor. The low-lying Dirac-cone structures are preserved in the AA-
stacked few-layer graphenes. The tri-layer AAA stacking exhibits three pairs of vertical
Dirac-cone structures, as indicated in Fig. 2(a). Three Dirac points are just located at the
K point (3D energy bands in Fig. 3(a)), but their energies are Ec,v = 0.36 eV, 0 and −0.36
eV, respectively (inset in Fig. 2(a)). The separated energy spacings are mainly determined
by the vertical interlayer hopping integral, according to the analytic calculations of the
tight-binding model [44]. Specifically, the second Dirac-cone structure is independent of
the 2pz orbitals on the middle plane. Apparently, free electrons and holes are, respectively,
distributed in the conduction band of the first cone and the valence band of the third cone.
The free carrier density is σe = σh = 1.56x10
13 e/cm2, as evaluated from k2F/pi (kF the
Fermi momentum). It is deduced that a N-layer AA stacking has free electrons or holes in
the N/2 ((N-1)/2) isotropic Dirac cones for an even-layer (odd-layer) system, i.e., a few-
or multi-layer AA-stacked graphene is a semimetal with the sufficiently high free carrier
density. [44,209] Furthermore, the Dirac-cone structures remain isotropic in the AA-stacked
graphite even if the Dirac points strongly depend on the wavevector along kˆz. [210]
The main features of energy bands, dispersion relation, isotropy, symmetry about EF ,
and orbital dominance, are sensitive to the changes in state energies. The low-lying linear
bands dominated by the 2pz orbitals change into the parabolic bands with the increasing
state energies, and so does the variation from the isotropic to the anisotropic behavior. The
parabolic dispersions have the band-edge states at the M point, in which they belong to the
saddle points in the energy-wave-vector space. This clearly indicates that many pi- and pi∗-
electronic states are accumulated near the M point and will make important contributions
17
to the essential physical properties, e.g., the pi-electronic optical [210, 211] and Coulomb
excitations. [30,212] As for the saddle-point energies, they are distinct for the valence and
conduction bands, mainly owing to the interlayer hopping integrals [44]. That is to say,
the interlayer atomic interactions might result in the asymmetry of valence and conduction
bands about EF . On the other hand, the 2px and 2py orbitals can generate deeper or higher
energy bands, e.g., two valence and two conduction bands (σ and σ∗ bands) initiated from
the Γ point at Ev = −3 eV and Ec ≈3.4-3.7 eV, respectively.
The special structures in DOS directly reflect the diverse energy dispersions. DOS of the
tri-layer AAA stacking, shown in Fig. 4(a), exhibits the linear energy dependence near EF
(inset), the logarithmically divergent peaks at middle energy, and the shoulder structures
at deeper or higher energy. These structures, respectively, originate from the isotropic
linear bands, the parabolic bands near the saddle points, and the initial band-edge states
of the parabolic bands. A finite DOS at EF clearly illustrates the semi-metallic behavior;
furthermore, it is the largest one compared with those of other stacking configurations. The
large energy difference between valence and conduction peaks obviously reveals the band
asymmetry, when state energies are measured from EF . Moreover, the peak and shoulder
structures, respectively, correspond to the 2pz- and (2px,2py)-dominated energy bands, as
indicated from the orbital-projected DOSs. The highly accumulated pi - and pi∗ -electronic
states, with three symmetric peaks, are, respectively, presented in −2.8 eV ≤ E ≤ −1.9 eV
and 1.2 eV≤ E ≤ 2.2 eV. It is also noticed that the prominent peaks at the middle energy
are the common characteristics of the graphene-related systems with the sp2 bondings,
such as, graphites, [212,213] graphene nanoribbons, [214] carbon nanotubes, [215–217] and
fullerenes. [218,219] Such peaks can induce the pronounced absorption peaks [214,215] and
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the strong pi plasmons. [212,216–219]
2.2 ABA stacking
The low-energy essential properties are drastically changed by the stacking configura-
tion. The tri-layer ABA stacking has one pair of linear bands and two pairs of parabolic
bands, i.e., it exhibits the monolayer- and bilayer-like electronic structure. The former,
with the Dirac-cone structure (Fig. 3(b)), only comes from the 2pz orbitals on the first and
third layers, and the atomic interactions of two next-neighboring layers [29] are responsible
for a very small spacing in separated Dirac points (∼13 meV in the inset of Fig. 2(b); Fig.
3(b)). The isotropic cone structures are seriously distorted in the latter. The first and
second pairs of parabolic bands are, respectively, initiated at (Ec = 0.005 eV, Ev = −0.007
eV) and (Ec = 0.59 eV, Ev = −0.54 eV), in which the former has an observable spacing
of ∼ 12 meV near the Fermi level (Fig. 3(b)). These band-edge state energies are closely
related to the neighboring-layer atomic interactions. The saddle-point energies are affected
by the distinct interlayer atomic interactions (a comparison of Figs. 2(b) and 2(a)), while
such points remain at the M point. Moreover, the (2px,2py)-dominated energy bands are
insensitive to the change of the stacking configurations. As for AB-stacked multi-layer
graphenes, all energy bands belong to bilayer-like parabolic dispersions [29, 43] except the
only linear Dirac-cone structure in an odd-layer system. In addition, this parity effect
has been confirmed by measuring the electric double-layer capacitance associated with the
layer-number-dependent DOS. [220]
The ABA stacking is rather different from the AAA stacking in the low-energy DOS.
Apparently, the former has an asymmetric DOS about E=0 (Fig. 4(b)), owing to the
interlayer atomic interactions. DOS is very small at the Fermi level, indicating the low free
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carrier density. A merged shoulder structure, which arises from the band-edge states of
the first pair of valence and conduction bands, is revealed below the Fermi level (the black
arrow). Two obvious shoulders at E=0.6 eV and −0.54 eV are induced by the second pair
of parabolic bands. Moreover, there exist three very strong pi and pi∗ symmetric peaks, in
which their energies depend on the intralayer and interlayer atomic interactions. [29, 43]
2.3 ABC stacking
The stacking configuration can diversify the energy dispersions of electronic structures.
The tri-layer ABC stacking exhibits three pairs of unusual low-lying energy bands, as
indicated in the inset of Fig. 2(c). A pair of partially flat bands, which is initiated from
the Fermi level, is mostly contributed by 2pz orbitals situated at the outmost layers. The
surface states could survive in the ABC-staked graphenes, [221] while they are absent in the
other stacking systems or 3D rhombohedral graphite. [222] They will result in the unique
quantization phenomena, e.g., the special LL energy spectra [223–225] and Hall effects. [225]
The second pair has the sombrero-shaped energy dispersions, in which two constant-energy
valleys occur at Ev = −0.4 eV and Ec = 0.38 eV (Fig. 3(c)). The finite-radius loops
are effectively treated as the 1D parabolic bands and could induce the new structures in
DOS (inset in Fig. 4(c)). Furthermore, the non-monotonous energy dispersions account for
the abnormal LL energy spectra and the frequent LL anti-crossings [223, 224]. The third
pair of linear bands is the momolayer-like Dirac-cone structures (Fig. 3(c)), and this pair
is revealed in any ABC-stacked systems. With the increase of layer number, there exist
parabolic bands and more sombrero-shaped bands.
The low-energy DOS of the ABC-stacked graphene presents two kinds of new structures,
as shown in the inset of Fig. 4(c). A delta-function-like symmetric peak occurs at the Fermi
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level as a result of the partially flat bands of surface states. Two asymmetric peaks, which
are similar to those induced by the 1D parabolic bands, are revealed at E=−0.4 eV and
0.38 eV. These structures further illustrate that the tri-layer ABC stacking does not exhibit
the bilayer-like behavior associated with two pairs of parabolic bands. This system cannot
be regarded as the superposition of monolayer and bilayer graphenes; that is, it possesses
the unique intrinsic properties among tri-layer systems.
2.4 AAB stacking
The z = 0 mirror symmetry is absent in the tri-layer AAB stacking. The interlayer
atomic interactions are more complicated in the lower-symmetry system [67], and so do
the essential electronic properties. There is a small direct gap of Eg ∼ 8 meV near the K
point, as indicated in the inset of Fig. 2(d). The tri-layer AAB stacking is a narrow-gap
semiconductor, being in sharp contrast to the other semi-metallic stacking systems. The
first pair is the oscillatory valence and conduction bands nearest to EF . Three constant-
energy loops could survive simultaneously (Fig. 3(d)), leading to the novel and abnormal
magnetic quantization, such as, the splitting LL energy spectra and the multi-anti-crossing
behavior [67]. The second and third pairs, respectively, belong to the sombrero-shaped
and parabolic bands, with the band-edge states at (Ev = −0.28 eV, Ec = 0.28 eV) and
(Ev = −0.46 eV, Ec = 0.46 eV). The similar energy bands have also been obtained from
the tight-binding model, in which nine distinct interlayer interactions of 2pz orbitals are
used in the calculations. [67,71]
The tri-layer AAB stacking exhibits more special structures in the low-energy DOS,
compared with the other stackings. A dip structure at the Fermi level is clearly shown
in the inset of Fig. 4(d). It is a combination of energy gap and broadening factor (∼ 10
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meV in the calculations). A pair of asymmetric peaks at E = −0.05 eV and 0.05 eV,
respectively, comes from the constant-energy loops of the oscillatory valence and conduction
bands, in which their energies are associated with the oscillation widths measured from the
Fermi level. Another two similar peaks at larger energies reflect the band-edge states
of the sombrero-shaped bands. Moreover, two shoulder structures are induced by the
deeper/higher parabolic bands. According to the feature-rich DOS, the AAB stacking
represents a unique tri-layer system, as observed in the ABC stacking.
There are certain important differences among the tri-layer AAA, ABA, ABC and AAB
stackings. The former three systems are semi-metals, while the last one is a narrow-gap
semiconductor. The AAA stacking, with the rigid-shift Dirac-cone structures, has the
largest band overlap or the highest free carrier density. The ABA stacking exhibits the
monolayer- and bilayer-like band structures. However, the latter two systems present the
unique band structures, e.g., the surface-related flat bands, the sombrero-shaped bands and
the oscillatory bands. They both cannot be regarded as the superposition of monolayer
and bilayer systems. The great differences are also revealed in the energy, form, intensity
and number of special structures in DOS. The stacking-enriched electronic structures and
DOSs are directly reflected in the other essential physical properties. For example, the
magnetic quantization is diversified by the stacking configuration, [29, 67] and so do the
main features of optical spectra. [29,71]
ARPES is the most powerful experimental technique to identify the wave-vector-dependent
electronic structures. The experimental measurements on graphene-related systems could
be used to investigate the feature-rich band structures under the different dimensions,
[53,86,87,226–228] layer numbers, [52,53,229,230] stacking configurations, [88] substrates,
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[52,53,86] and adatom/molecule adsorptions. [177,231,232] The 1D parabolic energy bands
in graphene nanoribbons have been directly observed. [226, 227] The AB-stacked graphite
presents the 3D pi bands, [228] in which they have the bilayer- and monolayer-like energy
dispersions at kz = 0 and zone boundary of kz = 1 (K and H points in the 3D first Brillouin
zone). As to few-layer graphenes, the verified electronic structures include the Dirac-cone
structure in single-layer system, [53, 86, 87] two pairs of parabolic bands in bilayer AB
stacking, [53, 88] the coexisting linear and parabolic dispersions in symmetry-broken bi-
layer system, [229] the linear and parabolic bands in tri-layer ABA stacking, [52, 53] and
the partially flat, sombrero-shaped and linear bands in tri-layer ABC stacking. [52] Spe-
cially, the substrate effects might induce the dramatic changes in electronic structures, e.g.,
a sufficiently large energy spacing between pi and pi∗ bands in bilayer AB stacking, [52,53]
and the oscillatory bands in few-layer ABC stackings. [53] Up to now, the ARPES mea-
surements on the unusual energy bands in tri-layer AAA and AAB stackings are absent.
The further examinations are useful in providing the tight-binding model parameters or
the complicated interlayer atomic interactions. In addition, the deeper-energy σ bands are
identified to be initiated at ∼ −3.5 eV for monolayer and bilayer graphene grown on sub-
strate, [233, 234] being roughly consistent with −3 eV in the theoretical predictions (Figs.
2(a)-2(d)).
The STS measurements, in which the tunneling conductance (dI/dV) is proportional to
DOS, can serve as efficient methods to examine the special structures in DOS. They have
been successfully utilized to verify the diverse electronic properties in graphene nanorib-
bons, [235–237] carbon nanotubes, [238,239] graphite, [240,241] few-layer graphenes, [89–95]
and adatom-adsorbed graphenes. [190, 191,242] The geometry-dependent energy gaps and
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the asymmetric peaks of 1D parabolic bands have been verified for graphene nanorib-
bons [235–237] and carbon nanotubes. [238,239] The measured DOS of AB-stacked graphite
exhibits the splitting pi and pi∗ peaks, [240] and it is finite near the Fermi level because of
the semi-metallic behavior. [241] The experimental measurements on few-layer graphene
show that the low-lying DOS characteristics are revealed as a linear E-dependence vanish-
ing at the Dirac point in monolayer system, [241] the asymmetry-created peak structures in
bilayer graphene, [89–91] an electric-field-induced gap in bilayer AB stacking and tri-layer
ABC stacking, [92, 93] a pronounced peak at E = 0 characteristic of partial flat bands in
tri-layer and penta-layer ABC stacking, [94,95] and a dip structure at EF = 0 accompanied
with a pair of asymmetric peaks in tri-layer AAB stacking, [94] On the other hand, two
critical features, a V-shaped spectrum with a finite value near EF in tri-layer AAA stack-
ing and a merged shoulder structure below EF in tri-layer ABA stacking, require further
experimental verifications.
3. Structure-enriched graphenes
The various stacking configurations, with high and low symmetries, can enrich and
diversify the essential properties. The sliding bilayer graphene, which presents the trans-
formation between the highly symmetric stackings, is an ideal system for studying the
electronic topological transitions. Stacking boundaries including relative shifts between
neighboring graphene layers have been grown by the CVD method. [243] The sliding of
graphene flakes on graphene substrate is initiated by the STM tip to overcome the Van
der Waals interactions. [96] Micrometer-size graphite flakes will slide spontaneously after
stirred by a STM tip. [97] Specially, the electrostatic-manipulation STM is performed on
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a highly oriented pyrolytic graphite surface and can induce a continuous and large-scaled
movement of the top layer. [56] The sliding bilayer graphene is expected to be achieved by
this method. [98]
The first-principle calculations are used to comprehend the electronic topological tran-
sitions in the sliding bilayer graphene. The ground state energy, interlayer distance, band
structure and DOS are very sensitive to the change in stacking configuration, mainly owing
to the diverse interlayer atomic interactions of 2pz orbitals. The dramatic transitions oc-
cur between Dirac-cone structures and parabolic bands, accompanied with the creation of
arc-shaped stateless regions, variation of free carrier density, distorted energy dispersions,
extra low-energy critical points, and splitting of middle-energy states. A lot of van Hove
singularities derived from the saddle points are revealed in DOS The stacking-enriched
energy bands and DOS are useful in the identification of the sub-angstrom misalignment.
The theoretical predictions agree with the tight-binding model calculations, [102, 103] but
require further experimental examinations.
The drastic changes in electronic properties could also be driven by the curved [37,107,
108,244–261] structures or the uniaxial [38,262,263] deformations. The strong sp2-bondings
in the low-dimensional carbon-related systems provide the flexible surfaces [111, 264, 265]
suitable for the creation of various deformations. The curved systems, with distinct struc-
tures, are successfully synthesized in experimental laboratories, such as, rippled graphenes,
[99–101, 266–269] graphene bubbles, [270–272] carbon nanotubes, [9] carbon nanoscrolls,
[273–275] and folded/curved graphene nanoribbons. [276, 277] Such systems present the
diverse chemical bondings on the curved surface, thus leading to the unusual essential
properties. [245,259,260,263] Specifically, the 2D graphene ripples might induce unique phe-
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nomena in surface science; material physics and chemistry. The corrugated environments
are promising for potential applications in electronic devices [278], toxic sensors, [188,279]
and energy storages. [280–282]
The first-principles calculations are focused on how the the various corrugated struc-
tures can create the feature-rich electronic properties in rippled graphenes. [107, 108, 256]
The misorientation of 2pz orbitals and hybridization of (2s,2px,2py,2pz) are induced by a
non-uniform charge distribution on a curved surface, and there exist similarities and differ-
ences between 2D graphene ripples and 1D carbon nanotubes. [14, 109–111, 283, 284] The
corrugated direction, curvature and period play a critical role in charge distributions, bond
length, band structure, and DOS. Armchair ripples are zero-gap semiconductors with a
complete Dirac-cone structure, while zigzag ripples present the anisotropic energy spectra,
the semi-metallic behaviors due to the destroyed Dirac cone, and the newly created van
Hove singularities. Both systems have the splitting middle-energy electronic states un-
der the reduced rotation symmetry. There are some curvature-induced prominent peaks
in the low-energy DOS of zigzag ripples. On the experimental side, graphene ripples are
successfully grown on Rh(111) [99, 100] or Cu [101] substrates via the CVD process. The
position-dependent STS measurements [99–101] present two types of energy spectra in the
dI/dV-V diagram, a V shape and some low-lying peaks with a specific dependence on the
effective quantum number. These are consistent with the theoretical predictions dominated
by the corrugated structures and the unusual energy dispersions. [108] Also noticed that
the effective-field model [101, 244, 246, 260] is proposed to investigate the peculiar proper-
ties of the highly corrugated graphenes. The effective magnetic field associated with the
extremely rigid jump structures will induce the quasi-LLs. [271]
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3.1 Sliding bilayer graphene
A relative shift between two graphene layers occurs along the armchair direction in the
range of 0 ≤ δa ≤ 12/8 (in units of the C-C bond length b = 1.424 A˚) and then along the
zigzag direction for 0 ≤ δz ≤ 4/8 (in units of
√
3 b), leading to the transformation of high-
symmetry stacking configurations: AA (δa=0) → AB (δa=1) → AA′ (δa=12/8; δz=0) →
AA (δz=4/8), as shown in Fig. 5(a). All C atoms in the AA and AA
′ stackings possess the
same chemical environment, while the latter present the different x-y projections. The AA
and AB stackings have the largest and shortest interlayer distances (3.52 A˚ and 3.26 A˚ in
Fig. 5(b)), respectively, corresponding to the highest and lowest ground state energies. [285]
The shorter the interlayer distance is, the stronger the attractive van der Waals interactions
among the 2pz orbitals are. The predicted distances are consistent with the measured results
(3.55 A˚ and 3.35 A˚). [50, 55]
The structure transformation leads to the dramatic changes in band structure. The
inversion symmetry in bilayer graphene is unbroken during the variation of shift; that is,
the low-energy electronic structure remains doubly degenerate for the K and K′ valleys.
However, the six-fold rotational symmetry is changed into the two-fold one except for
AA and AB stackings. The AA stacking, as shown in Fig. 6(a), exhibits two pairs of
vertical Dirac cones centered at the K point. With an increase in δa (1/8 in Fig. 6(b)),
the electronic states in the valence band of the upper cone strongly hybridize with those
of the conduction cone of the lower cone, so that an arc-shaped stateless region along kˆx
is created near EF . This clearly indicates that the carrier density of free electrons and
holes is reduced. The low-energy states around the K point are transferred to its neighbor
regions with the saddle points, according to the conservation of electronic states. There
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is a pair of saddle points above or below EF , in which their splitting energies depend on
the relative shift (Fig. 9(a)). The arc-shaped region grows rapidly, and the touching Dirac
points start to separate at δa =4/8 (Fig. 6(c)). And then in the range of 5/8 ≤ δa < 1,
the splitting saddle points merge together, and the distorted energy dispersions gradually
become parabolic ones. Specially, when the destroyed Dirac-cone structure is magnetically
quantized, it will induce the undefined LLs without a specific quantum mode. [102]
The AB stacking of δa = 1 is characterized by two pair of parabolic bands, with a
weak valence and conduction band overlap (Fig. 6(d)). In the further increase of δa, the
first pair near EF is seriously distorted along kˆy and -kˆy simultaneously, as indicated in
Fig. 6(e) for δa =11/8. Specifically, two Dirac points in the growing arc-shape stateless
are revealed at distinct energies, and two neighboring conduction (valence) bands strongly
hybridize with each other. Finally, two pairs of the isotropic cone structures are formed
in the AA′ stacking (Fig. 6(f)), in which two Dirac points are situated at different wave
vectors. The two cone axes are tilted for the conduction and valence bands, being in sharp
contrast to the unique non-tilted axis in the AA stacking. The magnetic quantization of
the tilted cone structures will create the well-behaved LLs with the different localization
centers and thus the new magneto-optical rules. [102]
The non-vertical Dirac-cone structure is transformed into the vertical one for the config-
uration variation from AA′ to AA. When the relative shift occurs along the zigzag direction,
two neighboring conduction (valence) bands form strong hybrids, as shown in Fig. 6(g)
at δz =1/8. In the further shift, the valence band of the upper cone hybridizes with the
conduction band of the lower cone and the Dirac-cone structures are reformed at δz =3/8
(Fig. 6(h)). The created stateless region along kˆy, with two Dirac points at distinct en-
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ergies, first expands, then declines, and finally disappears in the AA stacking (δz =4/8).
Outside this region, there exist the highly distorted energy bands with the saddle points.
For the sliding bilayer graphene, the 6-fold rotational symmetry becomes the 2-fold one
in various low-symmetry systems. The 2D band structures, as shown in the insets of Figs.
7(a)-7(h) along the high-symmetry points, exhibit the anisotropic and non-monotonous
energy dispersions except for AA and AB stackings (Figs. 7(a) and 7(d)). In general,
the K point is not a high-symmetry critical point anymore. These clearly illustrate that
the highly distorted energy dispersions are too complicated to be characterized by the
perturbation expansion, i.e., the effective low-energy Hamiltonian model might be not
suitable for studying the essential physical properties. The generalized tight-binding model
has been developed to explore the electronic properties in external fields (discussed later).
As to the middle-energy electronic states, the saddle points are located at the M and
M′ points. These two points are split by the reduced rotational symmetry, in which the
energies of van Hove singularities depend on the stacking configuration. The splitting
saddle points can induce more absorption peaks. In addition, the deeper/higher σ and
σ∗ bands (|Ec,v| > 3 eV) are hardly affected by the relative shift; that is, the changes
in the interlayer atomic interactions only affect the electronic structures of 2pz orbitals.
The main features of the stacking-enriched band structures, the anisotropic and distorted
energy dispersions, the created arc-shaped stateless region, the tilted Dirac-cone structures
and the splitting middle-energy pi and pi∗ bands, could be further examined by the APRES
measurements. [52,53,86–88,177,226–232]
The main features of DOS, the height, form, energy and number of special structures,
strongly depend on the change in stacking symmetry, as indicated in Figs. 8(a)-8(h).
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Among all stacking configurations, the AA stacking has the highest DOS at EF=0 (inset
in Fig. 8(a)), mainly owing to the largest overlap of conduction and valence bands. This
system is expected to have the highest electrical conductivity. However, the δa =4/8
stacking presents very low DOS in the almost vanishing band overlap (Fig. 8(c)). The
forms of special structures are determined by the energy dispersions near the band-edge
states. The plateau and cusp in the AA and AA′ stackings come from the overlap of two
pairs of isotropic Dirac-cone structures (Figs. 8(a) and 8(e)). The parabolic bands near the
K point in the AB stacking only present the shoulder structures (Fig. 8(d)). Specifically,
the symmetric peak structures in the other stackings are induced by the saddle points
around the arc-shaped stateless regions. As for the rather strong pi and pi∗ peaks, they are
greatly enriched by the splitting M and M′ points. The low- and middle-energy DOS peaks
are predicted to exhibit the rich absorption peaks. [103]
The number and energy of van Hove singularities deserves a closer examination. The
diverse and non-monotonous dependence on the relative shift is clearly indicated in Figs.
9(a) and 9(b). Two low-energy peaks, which correspond to the created saddle points above
and below EF (Fig. 6), are revealed in most of stacking systems (Fig. 9(a)). The energy
spacing in each pair of saddle points is observable only when the drastic changes occur
between the vertical Dirac-cone structure and the parabolic bands. There are three or four
distinguishable peaks near δa =4/8. On the other hand, it is relatively easy to observe the
splitting pi and pi∗ peaks under the reduced rotational symmetry (Fig. 9(b)). The middle-
energy DOSs have 6-8 strong peaks except that the bilayer systems close to AA and AB
stackings exhibit four single peaks. The STS measurements [90–95,190,191,235–242] on the
shift-dependent van Hove singularities are very useful in the identification of sub-angstrom
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misalignment between two graphene layers.
The transformation of band structure is induced by the relative shift between two
high-symmetry stacking configurations, [39,285,286] and so do the other essential physical
properties. The first-principles calculations show that the novel optical phonon splittings
come from the difference in their frequency renormalizations due to the interlayer cou-
plings. [105] The dependence of phonon frequency on stacking configuration has a strong
effect on the polarized Raman scattering intensity. On the other hand, the generalized
tight-binding model is developed to understand the essential electronic properties under
external fields, e.g., the magneto-electronic and optical properties. [102] The stacking sym-
metry, the complicated interlayer atomic interactions, and the effects due to a perpendicular
magnetic field (B0zˆ) are taken into consideration simultaneously. Three kinds of LLs, the
well-defined, perturbed and undefined LLs, are predicted to exist in the sliding graphene
systems. Among them, the third kind is never observed in experimental measurements. The
Bz-related LL energy spectra exhibit the monotonous and abnormal dependences, and the
crossing and anti-crossing behaviors. Moreover, they diversify the magneto-optical selec-
tion rule, including the well-known rules of ∆n = ± 1 in AA and AB stackings, and the new
rules of ∆n = 0 & ± 2 in AA′ stacking. Specifically, the undefined LLs can generate many
absorption peaks in the absence of selection rule. In short, the experimental measurements
on band structures, van Hove singularities, phonon spectra, magneto-electronic properties
and optical spectra can identify various misalignments in sliding bilayer graphene.
3.2 Graphene ripples
The geometric structure of graphene ripple will diversify the chemical bondings on a
curved surface and determine the essential properties. It is characterized by the corrugated
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direction, period and height. Two types of typical structures are armchair and zigzag
ripples, as shown in Figs. 10(a) and 10(b), respectively. Their periodical lengths (l’s) are
proportional to the number (Nλ) of zigzag and armchair lines along the y-axis. Armchair
and zigzag ripples, respectively, correspond to armchair and zigzag nanotubes, while the
main differences of geometric structures lie in the dimensions and periodical boundary
conditions (open and closed ones). The ratio of squared height to width, Cr = h
2/lb (b the
C-C length; Fig. 10(c))) is taken to describe the curvature of ripple. The rippled structure is
modeled as the sinusoidal form in the initial calculations. The C-C bonds would be broken
at the crests and troughs for a very large Cr. The critical curvature grows with the increase
of period, mainly owing to the reduced mechanical bending force. [287] For example, the
highest Cr is, respectively, 0.68 and 1.56 for Nλ = 6 and 12 armchair ripples (0.27 and
1.33 for Nλ = 5 and 11 zigzag ones). The C-C bond lengths depend on the positions in
each ripple, in which the largest change is revealed at the crests and troughs compared
with a planar structure, e.g., 1.2% for Nλ = 6 armchair ripple and 7.9% for Nλ = 5
zigzag one. Apparently, they are strongly affected by the corrugated direction. Armchair
and zigzag ripples, respectively, exhibit two and three different nearest C-C bond lengths.
This will induce strong effects on the low-lying energy bands, as identified from carbon
nanotubes. [110, 111] The curved surface brings about the misorientation of 2pz orbitals
and the significant hybridizations of (2s,2px,2py,2pz) orbitals; that is, the curvature effects
can create the new pi and σ bondings. Concerning the rotation symmetry, it is only two-fold
for a rippled structure along a specific direction, but six-fold for a planar structure. The
above-mentioned changes in bond lengths, chemical bondings and rotation symmetry are
expected to greatly enrich the electronic properties.
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Band structure is dominated by the longitudinal structure, curvature and period. All
armchair ripples have a pair of linearly intersecting energy band at the Fermi momentum
(kF ), being the same with monolayer graphene. The Dirac point, as shown in Fig. 11(a),
is revealed along the Γ Y direction (Fig. 10(d)). It has an obvious red shift, compared with
that of a planar structure ([kx = 0, ky = 2/3]; the black solid curve for Cr = 0). The original
Dirac point is directly obtained from the zone-folding condition, in which the hexagonal
Brillouin zone is mapped into the rectangular one. The curvature effects do not destroy the
Dirac-cone structures, as clearly indicated in Figs. 11(b) & 11(c). However, they can create
the red-shift Fermi momentum, the reduced Fermi velocity, and the slight anisotropy. These
variations grow with an increasing curvature, but decrease in the increment of period (Fig.
11(a)). Concerning the middle-energy states, several pairs of parabolic bands are initiated
near the Y point. The local minimum (maximum) of the conduction band (valence band)
along YΓ is the local maximum (minimum) along the perpendicular direction. Such saddle
points are sampled from the electronic states near the M and M′ points in graphene under
the reduced rotation symmetry. The splittings of parabolic bands are easily observed for
various curvatures and periods (a comparison between Cr = 0 & Cr 6= 0). That is to say,
the two-fold rotation symmetry destroys the double degeneracy of the M and M′ points
and induces the significant energy splittings. The similar splittings are revealed in zigzag
ripples (Fig. 12(e)).
The low-lying energy bands are drastically changed by the corrugated structures. Zigzag
ripples exhibit three kinds of energy dispersions: linear, partially flat and parabolic ones,
corresponding to the low, middle, and high curvatures, respectively. For the Nλ = 5 zigzag
ripple, the linear bands intersecting with EF = 0 survive at low curvature, as shown in
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Fig. 12(a) for Cr = 0.05. A larger Cr accounts for the distorted Dirac-cone structure
and a partial flat band at Ec ∼ 0.4 eV (blue curve in Fig. 12(b) for Cr = 0.1). These
two features are clearly displayed in the energy-wave-vector space (Fig. 12(h)). The latter
is mostly contributed by the specific carbon atoms at the ripple crests and troughs, as
denoted by the radii of gray circles. At high curvature, two low-lying parabolic bands,
which are dominated by the crest- and trough-related carbon atoms, come into existence
(Figs. 12(c) and 12(d) for Cr = 0.19 and 0.27). Such bands are accompanied with the
highly distorted Dirac cone, as revealed in Fig. 12(i) for Cr = 0.27. They are very close
to EF = 0 and even cross it. This will induce a finite DOS at the Fermi level or the
semi-metallic property (Fig. 14(b)). Their band-edge states belong to the saddle points
or the local extreme points. Also, the number and energy of critical points are easily
tuned by the increasing period. For example, the Nλ = 9 zigzag ripple has five critical
points asymmetric about EF = 0 under the critical curvature (Cr = 1.17 in Fig. 12(g)
with blue arrows). Apparently, the dramatic transformation between two distinct band
structures could be achieved by changing the curvature and period in zigzag ripples. Up to
now, the experimental measurements on the electronic structures of rippled graphenes are
absent. The predicted results, the Dirac-cone structures in armchair ripples, the diverse
energy dispersions in zigzag ripples, and the splitting middle-energy bands deserve a closer
examination using the ARPES measurements.
A detailed comparison between graphene ripples and carbon nanotubes is very useful
in understanding the effects due to the periodic boundary condition and curvature. These
two systems present certain important similarities and differences. The energy bands of
2D graphene ripples along the Γ Y direction correspond to those of 1D carbon nanotube
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along the axial direction. An armchair nanotube has a pair of linear bands intersecting
at kF , e.g., a (3, 3) nanotube in Fig. 11(a) (the heavy dashed curve; notation for carbon
nanotubes in Refs. [283,284]). The Fermi-momentum state is sampled from the K point
of graphene in the presence of a closed periodic boundary condition. [14, 109, 110, 283]
An obvious red shift of kF mainly comes from the misorientation of 2pz orbitals on a
cylindrical surface, [109] or the reduced pi bondings and the created σ bondings of 2pz
orbitals (the different hopping integrals for the nearest neighbors). [111] Both armchair
nanotubes and ripple possess linearly intersecting bands, while they, respectively, belong
to 1D conductors and 2D semiconductors, being determined by the finite and vanishing
DOSs at the Fermi level (Fig. 14(a)). The metallic properties of the former keep the same
even under the strong hybridizations of (2s,2px,2py,2pz) orbitals. [288] In general, a (m, 0)
zigzag nanotube, with m 6= 3I (I an integer) (m = 3I) is a middle-gap (narrow-gap)
semiconductor, when the periodic boundary condition and the curvature effects are taken
into consideration. [110, 111] But for a very small nanotube, with m ≤ 6, [112, 113] the
serious sp3 orbital hybridizations can create the metallic behavior, e.g., a gapless (5, 0)
nanotube (the heavy dashed curve in Fig. 12(e)). Specifically, the middle-energy states of
carbon nanotubes are doubly degenerate because of the cylindrical symmetry.
The complicated chemical bondings, which account for the rich electronic properties,
are clearly evidenced by the non-uniform spatial charge distributions on a curved surface.
For a planar graphene, the parallel 2pz orbitals and the planar (2s, 2px, 2py) orbitals can
form the pi bondings and the σ bondings, respectively, as shown for Vpppi and (Vppσ, Vpsσ,
Vssσ) in Fig. 13(a). The orbital hybridizations could be characterized by the carrier density
(ρ) and the difference of carrier density (∆ρ). The latter is obtained by subtracting the
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carrier density of an isolated carbon (hollow circles in Figs. 13(a)-13(c)) from that of
a graphene (graphene ripple). Carbon atoms contribute four valence electrons to create
various chemical bondings, leading to the largely reduced charge density near the atomic site
(region (I)). However, the strong σ bondings of (2s, 2px, 2py) orbitals induce the increased
charge density between two atoms (dumbbell shapes in region (II)). There are more charge
densities normal to the surface (region (III)) because of the hybridized 2pz orbitals. These
charge distributions strongly depend on the atomic positions of a graphene ripple (Figs.
13(b) and 13(c)), quite different from the uniform ones of a monolayer graphene (Fig.
13(a)). That is, the non-parallel 2pz orbitals can create the extra σ bondings (Vppσ.).
Moreover, at the crests and troughs, it is easy to observe the strong hybridizations of four
orbitals (region (IV)). Specifically, armchair and zigzag ripple, respectively, possess two and
three distinct charge distributions along three nearest neighbors (a detailed examination
made for various directions). Both systems exhibit the misorientation and hybridization of
atomic four orbitals; furthermore, zigzag ripples present the curvature effects in a stronger
manner. This is the main cause for the shift, distortion and destruction of the Dirac-cone
band structure. The similar curvature effects are also revealed in very small armchair and
zigzag nanotubes (Figs. 13(b) & 13(c)), leading to the metallic behavior (Figs. 11(a) &
12(e)).
The multi-orbital hybridizations on a curved surface provide a suitable chemical en-
vironment for materials engineering and potential applications. The non-uniform charge
distributions originate from carbon four orbitals, especially for those at the crest and trough
(region (IV) in Fig. 13). Such orbitals might have the strong bondings with gas molecules,
e.g., carbon monoxide (CO), formaldehyde (H2CO), and hydrogen. The high sensitivity to
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CO and H2CO indicates a promising material for toxic gas sensor applications, as done for
aluminum-doped graphenes. [188,279] These characteristics could also be utilized for hydro-
gen storages, [280–282] where the curvature inversion leads to the efficient and fast hydrogen
release. [280] Moreover, the high-curvature graphene ripples exhibit the semimetallic behav-
ior. The electrical conductivity is expected to be largely enhanced by the high free carrier
density near EF . This is useful in the further applications of nanoelectronic devices. [278]
The main differences between armchair and zigzag ripples are further reflected in the
low-energy DOS. The former have a vanishing DOS at EF = 0 and a V-shaped energy
spectrum, as shown in Fig. 14(a) for various ripple structures. This clearly illustrates
the semiconducting behavior. The linear DOS grows with the increasing curvature, a
result of the reduced Fermi velocity. There are several symmetric pi and pi∗ peaks at
the higher energy, mainly owing to the reduced rotation symmetry and the curvature
effects (Fig. 14(c)). On the other hand, the latter exhibit the special peak and shoulder
structures at low energy under a sufficiently large curvature, as observed in Fig. 14(b).
The valence and conduction structures are highly asymmetric about EF , in which most of
them occur at E ≥ 0. Their number is largely enhanced by the increment of curvature.
A special peak is revealed near EF , indicating the semi-metallic behavior. In addition, an
armchair nanotube possesses a finite DOS in the plateau form near EF , while a very small
zigzag nanotube presents several prominent peaks there. All carbon nanotubes present the
prominent asymmetric peaks arising from the 1D parabolic subbands. Such peaks have
been verified by the STS measurements. [238,239]
The orbital-projected DOS could be used to further examine the various chemical bond-
ings and verify the curvature effects. At low curvature, the low- and middle-energy special
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structures in DOS only depend on the bondings of 2pz orbitals (not shown). But for the
high-curvature armchair and zigzag ripples, they are dominated by 2pz and 2px orbitals,
as clearly indicated in Figs. 14(c) and 14(d). Their contributions are comparable to each
other even near EF ; that is, the feature-rich energy bands are mainly determined by these
two orbitals. Apparently, there exist the strong hybridizations of (2pz, 2px) orbitals in the
nearest-neighbor carbon atoms. Three kinds of orbital interactions, (2pz, 2pz), (2pz, 2px)
and (2px, 2px), can create the pi and σ bondings simultaneously. [108] The complex chemical
bondings, which rely on the arrangement of orbitals an surface curvature, can account for
a lot of special structures. In addition, the (2px, 2py, 2pz) orbitals also make the important
contributions to the σ peaks, e.g., those near E = −3 eV, an evidence of the multi-orbital
hybridizations. The peak structures related to 2s orbitals only occur at the deeper energy
(not shown).
The main features of the calculated DOSs are partially in agreement with the position-
dependent STS measurements. [99] The measured dI/dV-V spectra have a prominent peak
near EF and some low-energy peaks with a linear relation between the peak energies and the
square root of the effective quantum number, or they are in the featureless V-shaped form.
The former corresponds to the semi-metallic zigzag ripples at high curvatures, as shown
in the inset of Fig. 14(b). Furthermore, the latter are related to the low-curvature zigzag
ripples with the weak orbital hybridizations. On the other hand, the predicted results, the
V-shaped DOS in armchair ripples (Fig. 14(a)), the curvature-dependent Fermi velocities,
and the curvature- and hybridization-induced pi and pi∗ peaks need to be further verified
by the experimental measurements.
The experimental measurements by STM can provide the spatially atomic distributions
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at the local nano-structures. They have been successfully utilized to resolve the unique geo-
metric structures of the graphene-related systems, such as, graphene, [99,101,270] graphene
compounds, [124,134] graphite, [289,290] graphene nanoribbons [226,291] and carbon nan-
otubes. [238, 239] The atomic-scaled observations clearly show the rippled and buckled
structures of graphene island, [99, 101, 270] the adatom distributions on graphene sur-
face, [124,134] the 2D networks of local defects, [289] the pyridinic-nitrogen and graphitic-N
structures, [290] the nanoscale width of achiral armchair nanoribbon, [226] and the chiral
arrangements of the hexagons on the planar edges [291] and a cylindrical surface. [238,239]
The corrugation direction, the curvature and period of graphene ripple and the relative
shift in sliding bilayer graphene are worthy of a closer experimental examination. Also,
the measurements are useful in understanding the orbital interactions due to the curvature
effects and the interlayer distances.
4. Graphene oxides
The electronic properties of adatom-doped graphenes is one of important topics in
physics, chemistry, and materials. They are greatly diversified by various adatom ad-
sorptions. The adatom-doped graphenes have attracted a lot of theoretical [118, 119, 183,
292, 293] and experimental [294–296] researches. Furthermore, such systems might have
high potentials in near-future applications as a result of the tunable electronic properties,
e.g., supercapacitors, [297–301] optoelectronics, [302–304] energy storage, [305–307] and
sensors. [308–311] According to the modified electronic properties, there are two kinds of
adatom-doped graphenes, namely semiconducting and metallic systems. The experimental
measurements have identified the adatom-dependent semiconducting graphenes, such as
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the O-, [119,121,312] H-, [128,129], Si- [313,314] S-, [315,316], P- [315,316] and BN-doped
graphenes. [317] The two typical semiconducting systems, graphene oxides and hydro-
genated graphenes, are chosen for a detailed discussion. The optimal adatom positions,
the atom-dominated energy bands, the spin configuration, the spatial charge distributions,
and the orbital-projected DOS are obtained from the first-principles calculations. They
can provide the full informations in the complex chemical bondings associated with the
C-adatom, C-C and adatom-adatom bonds. The various orbital hybridizations are respon-
sible for the adatom concentration- and configuration-enriched electronic properties, such
as the opening of energy gaps, the destruction or recovery of the Dirac-cone structure, the
formation of atom- and orbital-dependent energy bands, and a lot of van Hove singularities
in DOS. On the other hand, the alkali- [183,318] and halogen-doped [319,320] graphenes ex-
hibit the metallic behaviors, as verified from the experimental measurements. [177,179,232]
The former and the latter, respectively, have free electrons and holes in the conduction and
valence Dirac cones. The alkali- and Al-doped graphenes are predicted to have the almost
same Dirac-cone structure or free carrier density. Such 2D systems might possess the high
free carrier density, compared with the other layered systems. [321, 322] The Dirac-cone
structure is almost preserved in the alkali-doped graphenes, while it is distorted in the
halogen-doped graphenes. The outermost s orbital of alkali adatom only creates an con-
duction band. However, more outer orbitals in halogen adatom can induce certain valence
energy bands. The main differences between these two metallic systems will be identified to
come from the critical orbital hybridizations. Specifically, the fluorinated graphenes would
change into the gap-opened semiconductors for very high adatom concentrations, since the
dense top-site absorptions can fully terminate the pi bondings on graphene surface. Part of
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theoretical predictions have been confirmed by the experimental measurements.
One of the effective methods to obtain large-scale graphene is chemical exfoliation in
which graphite is exfoliated through oxidation and then is reduced to graphene monolay-
ers subsequently. [323–325] This method was first discorvered by Schafhaeutl in 1840. [326]
Since the first successful synthesis of monolayer graphene in 2004, [4] GOs have been exten-
sively investigated. Although graphene has potential applications, its zero-gap band struc-
ture will create high barriers in the further development of graphene-based nano electronic
devices. The band-gap engineering becomes a critical issue in graphene-related systems.
Oxygen adsorption on graphene layers can induce middle-energy band gaps which can be
tuned by the concentration and distribution of adatom. GOs are considered as promising
materials in a wide variety of applications, especially in energy storage and enviromental
science, such as supercapacitors, [299–301] memristor devices, [305] sensors, [310,311] and
water purification. [327]
There are three main methods to produce GOs from graphite, namely Brodie, Stau-
denmaier, and Hummers. The synthesis of GOs was first reported by Brodie in 1859 from
the detailed investigations on the graphitic structure by using KClO3 as the oxidant to
oxidize graphite in HNO3. [114] Later in 1898, Staudenmaier improved Brodie’s method by
adding H2SO4 to increase the acidity of the mixture. [115] In 1958, Hummers developed an
alternative method in which a mixture of NaNO3, H2SO4 and KMnO4 is used in synthesis
process. [116] The third method is the most widely used because of its shorter reaction
time and no ClO2 emission. [328, 329] Recently, other methods have modified Hummers
method by adding H3PO4 combined with H2SO4 in the absence of NaNO3, and increasing
the amount of KMnO4. [330] GOs have also been manufactured using bottom-up method
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(Tang-Lau method) since its process is simpler and more environmentally friendly compared
to traditionally top-down methods. [117] Different O-concentrations can be synthesized by
controlling the amount of oxidant compound (KMnO4), [331] or the oxidation time.
First-principles calculations are a suitable method to study the oxygen-enriched essential
properties, especially for the relation between the opened gap and the multi-orbital chemical
bondings. Geometric and electronic properties are mainly determined by the competition
or cooperation of the critical orbital hybridizations in C-C, C-O, and O-O bonds. They are
very sensitive to variations in the number of graphene layer, stacking configuration, oxygen
concentration and distribution. The rich electronic structures exhibit the destruction or
distortion of the Dirac cone, tunable band gaps, C-, O- and (C,O)-dominated energy disper-
sions, and many critical points. The total DOS has a lot of special structures related to the
parabolic, partially flat and composite energy bands. The atom-dorminated energy bands,
the orbital-projected DOS, and the spatial charge distributions can be used to comprehend
the critical orbital hybridizations in C-C, C-O and O-O bonds, being responsible for the
diverse essential properties. There exists five types of pi bondings during the variation from
50% to vanishing adsorptions, namely the complete termination, the partial suppression,
the 1D bonding, the deformed planar bonding, and the well-behaved ones. Such bondings
account for the finite and zero gaps, corresponding to the O-concentrations of ≥25% and
≤3%, respectively. In addition, GOs do not have the ferromagnetic or anti-ferromagnetic
spin configurations, as identified from various calculations.
4.1 Single-side adsorption
Numerous theoretical and experimental researches have been carried out to explore the
geometric structure of GOs; furthermore, the effects due to concentration and distribution
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of the oxygen-containing groups are investigated in detail. Oxygen atoms are adsorbed at
the bridge site so that the epoxy C-O-C functional group is formed, as shown in Fig. 15.
The bridge site is the most stable site compared to the hollow and top positions, consistent
with previous studies. [292, 332, 333] The unit cells are classified as zigzag (Z), armchair
(A), and chiral (C) configurations, in which carbon atoms are arranged along these edge
structures, respectively. In comparison with the two latter, the first one has a lower total
ground state energy, demonstrating higher stability. The zigzag-edge configurations will be
chosen as model systems. The optimized C-C bond lengths of GOs change in the range from
1.42 A˚ to 1.53 A˚ when the O-concentration gradually grows from zero to 50%, as illustrated
in Table 1. However, the C-O bond lengths decrease from 1.47 A˚ to 1.41 A˚. The binding
energy of each oxygen adatom, the reduced energy due to the oxidization, is characterized
as Eb = (Esys−Egra−nEO)/n, where Esys, Egra, and EO are the total energies of the GOs
system, the graphene sheet, and the isolated O atom, respectively. The slightly buckled
structures are revealed in the decrease of O-concentration. In general, the stabilities are
enhanced by the higher O-concentration and distribution symmetry, in agreement with
other theoretical predictions. [334] The rich geometric structures can diversify electronic
properties.
The functional group and the concentration and distribution of oxygen could be verified
using experimental measurements. Spectroscopic techniques, such as solid-state nuclear
magnetic resonance (NMR) [203, 335, 336] and X-ray photoelectron spectroscopy (XPS)
[337] can provide essential insights into the types of oxygenated functional groups in GOs
and their concentrations. Multi-dimensional NMR spectra are available in the identification
of the major functional groups in GOs, namely the thermodynamic stable epoxy (C-O-
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C) and hydroxyl (C-OH). [338, 339] XPS is powerful in examining how many atoms are
doped into graphene and the types of adatoms, [337] e.g., the estimated concentrations
for oxidized carbons and graphitic carbons. [330] Furthermore, microscopic techniques,
which include transmission electron microscopy (TEM), STM, and scanning transmission
electron microscope (STEM), have been utilized to determine the distribution of GOs.
The high-resolution TEM image of a suspended GOs sheet reveals holes, graphitic regions,
and oxygen-containing groups with approximate area percentages of 2, 16, and 82 %,
respectively. [333] A nanoscale periodic arrangement of O atoms is confirmed using STM.
[124] Morever, the high-resolution annular dark field imaging in STEM measurement has
verified the O distribution of monolayer GO. [122]
The 2D energy bands along high symmetric points, as shown in Fig. 16, are determined
by the C-O, O-O and C-C bonds; the O-concentration and distribution. In sharp contrast
to pristine graphene, the isotropic Dirac-cone structure near the K point is destroyed by
oxidation at high O-concentrations (Figs. 16(a)-16(e)), mainly owing to the strong C-O
bonds. The multi-hybridizations between orbitals of C and O atoms lead to the termination
of the complete pi bondings formed by parallel 2pz orbitals of C atoms. A middle energy
gap is created by the O-dominated energy bands near EF (blue circles), as obtained from
other researches. [121,334] Such bands originate from the significant O-O bonds, and they
exhibit the partially flat band or parabolic bands along different directions. With the
decrease of O-concentration from 50 % to 0, the O-dominated bands become narrower
and contribute at deeper energy, while the pi and pi∗ bands are gradually recovered (Figs.
16(f)-16(j)). Also, energy gap declines from 3.54 eV to 0. As mentioned above, the strong
C-O bonds induce the (C,O)-related energy bands with very weak dispersions at −2 eV≤
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Ev ≤ −4 eV (blue and red circles revealed simultaneously). On the other hand, the planar
C-C bond possesses the strongest σ bondings formed by the (2px, 2py, 2s) orbitals and
thus creates the deeper σ bands with Ev ≤ −3.5 eV. Previous theoretical studies stated
that energy gap declines monotonically with the decrease of O-concentration. [121, 312]
However, other studies demonstrated that the dependence of energy gap on O-concentration
is non-monotonous. [119,334] Particularly, energy gap also depends on the O-distributions
(distinct relative positions and edge configurations in Table 1). [120] The critical low-energy
electronic properties can be further understood from the 3D energy bands shown in the
insets of Fig. 16.
Energy gaps of GOs could be divided into three categories. For the high O-concentration
of ≥ 25%, the Dirac cone is seriously distorted as a result of the strong O-O and C-O
bonds (Figs. 16(a)-16(e)). These systems always have a finite gap, independent of the O-
distribution. Eg’s decline quickly and fluctuate widely in the concentration range of 25-3%
(Figs. 16(f)-16(h)). Such small or zero gaps correspond to the reformed Dirac cone with
the significant distortion. Energy gaps become zero thoroughly for the low concentration
of ≤3% as a result of the fully recovered Dirac cones without energy spacing (Figs. 16(i)-
16(j)). Most of theoretical researches about GOs are focused on how the band gap is
modulated with the variation of O-concentration, [120, 121] however, the termination and
reformation of pi bonds are not clearly illustrated. The band-decomposed charge density
distributions provide useful information about the relation between the pi-bondings and
energy gap. There exists five types of pi bondings as O-concentration decreases from the
full to vanishing adsorptions [119]: the complete termination (50% (Z) in Fig. 17.(b)), the
partial suppression (33.3% (A) in Fig. 17(c)), the 1D bonding (4.2% (Z) in Fig. 17(d)), the
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deformed planar bonding (system 1% (Z) in Fig. 17(e)), and the well-behaved one (pristine
graphene in Fig. 17(a)). The suppression or extension degree of pi bondings can account for
the strong dependence of Eg on O-concentration. In addition, the electrical conductivity
of GOs has been investigated to be greatly enhanced by chemical reduction. [340–342]
Therefore, GOs are expected to have high potentials in the near-future nanoelectronic
devices. [299–301,310,311]
The charge density (Figs. 18(a)-18(d)) and the charge density difference (Figs. 18(g)-
18(j)) can provide very useful information about the chemical bondings and thus com-
prehend the dramatic changes of energy bands. The latter is created by subtracting the
charge density of graphene and O atoms from that of GOs system. ρ illustrates the chemi-
cal bonding as well as the charge transfer. As O atoms are adsorbed on graphene, charges
are transfered from C to O atoms (red region) ≈ 1e using Bader analysis. The strong C-O
bonds induce the terminated pi-bonding (black rectangles in Figs. 18(b)-18(d)) accounting
for the absence of Dirac cone and the opening of band gap. The orbitals of O atoms have
strong hybridizations with those of passivated C, as seen from the green region enclosed
by the dashed black rectangles (Figs. 18(h))-18(j). This region lies between O and passi-
vated C atoms and bents toward O. Such strong C-O bonds lead to the termination of the
complete pi bondings between parallel 2pz orbitals of C atoms and thus the destruction of
the Dirac-cone structure. To explain the opening of band gap, Lian et al. [120] proposed
2pz−2px,y orbital hybridizations of C and O atoms. Afterwards, Tran et al. [118] has in-
vestigated orbital hybridizations of 2px,z−2px,z or 2px,y,z−2px,y,z between passivated C and
O atoms, obviously including the 2pz−2pz hybridizations. Between two non-passivated C
atoms of GOs, ∆ρ shows a strong σ bonding (pink squares), which becomes a bit weaker
46
after the formation of C-O bonds (e.g., 50% (Z), 50% (A) and 33.3% (A) systems). This
demonstrates that not only 2pz but also 2px,y orbitals of passivated C atoms hybridize with
orbitals of O atoms. As to the O-O bonds, the orbital hybridizations depend on the ad-
sorption positions of O atoms. For instance, the orbitals with high charge density enclosed
in the dashed pink rectangle ( 50% (Z); Fig. 18(h)) are lengthened along yˆ, clearly illus-
trating the 2py-2py hybridization (further supported by the projected DOS in Fig. 19(a)).
In case of 50% (A) system, these lengthened orbitals are equally projected on xˆ and yˆ,
indicating the 2px,y-2px,y orbital hybridizations (sees Fig. 19(b)). These are also viewed in
xy-plane projections. The O-O bond belongs to a weak σ bonding at larger distance, being
responsible for the O-dominated energy bands near EF (Fig. 16(a)). The similar orbital
hybridizations in the O-O bonds are also revealed in chiral distributions (not shown).
The form, number and energy of the special structures in DOS are very sensitive to the
chemical bondings and O-concentration. Furthermore, the projected DOS can comprehend
the orbital hybridizations in O-O, C-O and C-C bonds. The main characteristics of band
structures are directly reflected in the orbital-projected DOS, which is responsible for the
orbital contributions and hybridizations in chemical bonds (Figs. 19(a)-19(j)). The lower-
energy DOS is dramatically altered after oxygen adsorption. For pristine graphene, the pi
and pi∗ peaks due to 2pz−2pz bondings between C atoms will dominate DOS within the
range of |E| ≤ 2.5 eV (solid curve in Fig. 14(a)). [343]. Furthermore, the vanishing DOS
at EF indicates the zero-gap semiconducting behavior. However, for high O-concentration
(Figs. 19(a)-19(e)), these two prominent peaks are absent because of the strong C-O bond.
Instead, there exist an energy gap and several O-dominated special structures, a result
of the O-O bonds in a wide range of E ∼ −2.5 eV to EF . Such structures consist of the
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symmetric peaks (triangles), the shoulder structures (arrows), or the asymmetric peaks (cir-
cles), corresponding to the saddle points of parabolic bands, the local minimum/maximum
states, or the composite band of partial flat and parabolic dispersions, respectively. They
mainly originate from the 2py-2py hybridization (Fig. 19(a)) or 2px,y-2px,y hybridization
(Figs. 19(b) and 19(c)). Specifically, the symmetric distribution of O adatoms leads to
the same contribution of 2px and 2py orbitals in 50% (A) configuration. Energy gaps are
sensitive to the change in O-O bond strength, as indicated from distinct gaps among var-
ious distributions and concentrations. It is revealed that the range of O-dominated struc-
tures becomes narrower and shifts away from EF as the O-concentration declines (Figs.
19(e)-19(j)), clearly illustrating the competition between O-O and C-C bonds. For low
O-concentration (from 3% (Z); Figs. 19(i)-19(j)), the pi and pi∗ peaks are reformed due to
the complete pi-bondings. As to the middle-energy DOS (−2 eV≤ Ev ≤ −4 eV), it grows
quickly and exhibits prominent symmetric peaks due to the strong C-O bonds, including
the delta-function-like peaks. Such special peaks reflect the almost flat bands along any
directions. They indicate the strong hybridizations among the (2px,2pz) orbitals of O and
those of passivated C atoms.
Electronic properties of GOs are enriched by the number of graphene layers and stacking
configuration. Energy dispersions of O-adsorbed few-layer graphenes are shown in Fig. 20
for the O-concentration of 50% in zigzag distribution. For O-adsorbed AA stacking, there
is one anisotropic Dirac-cone structure with EF located at the conduction band, being in
great sharp contrast with two isotropic Dirac-cone structures of the pristine system. [40]
Some free electrons appear in the conduction Dirac one, indicating the same free holes in
the partial flat band due to O-O bonds (slightly penetrates the Fermi level). The band-
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structure differences between the O-adsorbed AA and AB stackings (Figs. 20(a) and 20(b))
are small and only lie in the crossing and anti-crossing behaviors (green ellipses). As the
number of graphene layer increases, there are more distorted Dirac cones and saddle points.
Specifically, the energy dispersions of ABA and ABC stackings are almost identical, since
these two systems correspond to the same structure of AB bilayer graphene with monolayer
GO on the top, as investigated in the previous study. [118] However, they are different
from the AAA stacking in the distorted Dirac-cone structures as well as the crossing and
anti-crossing bands (Figs. 20(c) and 20(d)). There also exist the O-dominated energy
dispersions near EF and the (C,O)-related bands at middle energy, as revealed in monolayer
GO. All of the O-adsorbed few-layer graphenes exhibits the semi-metalic behavior with a
finite DOS at EF , different from the semiconducting monolayer systems.
4.2 Double-side adsorption
So far we have discussed the essential properties of single-side adsorbed GOs. They
are dramatically changed by the double-side adsorption and O-concentration. Various O-
configurations with different coverages are illustrated in Fig. 21. Binding energy Eb in
Table 2 indicates that the configuration stability is enhanced by the higher O-distribution
symmetry and concentration. Furthermore, the double-side adsorbed systems are more
stable compared to the single-side ones (Table 1). This is consistent with another DFT
calculation which shows that the oxygen-containing groups prefer to reside on both sides
of graphene. [344] For the high O-concentration (50% (Z) in Fig. 21(a)), the O-O bonds
dominate the lower-energy electronic properties (blue circles), and the Dirac-cone structure
arising from the pi bondings is absent. Similarly to the single-side adsorption, when the
O-concentration decreases, the competition between the weakened O-O bonds and the
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gradually recovered pi bondings (from non-passivated C atoms) will greatly reduce the band
gap (33.3% (A), 25% (Z), 11.1% (Z), and 4% (Z) in Figs. 21(b)-21(e), respectively). The
double-side adsorbed bilayer graphene is regarded as the superposition of two monolayer
GOs. The band structures of AA (Fig. 21(f)) and AB systems (Fig. 21(g)) are almost
the same, revealing the semiconducting behavior. As for tri-layer systems, the double-side
adsorbed AAA, ABA and ABC stackings have the almost identical energy bands, since
they correspond to the same sandwich structure with monolayer graphene at the middle
and two monolayer GOs on its top and bottom. There exists a semi-metallic Dirac-cone
structure coming from the C atoms of the middle layer without passivation (Fig. 21(h)).
The critical orbital hybridizations in O-O, C-O and C-C bonds of both-side adsorbed
systems remain similar to the single-side adsorption ones (see the charge density in Figs.
18(e)-18(f) and charge density difference in Figs. 18(k)-18(l)). The terminated pi bondings
and the reformed pi bondings are clearly illustrated in the black rectangles of Figs. 18(e)
and 18(f). The former and the latter are responsible for the (C,O)-dominated energy bands
and the distorted Dirac-done structure, respectively. The strong covalent σ bondings with
high charge density exist between two non-passivated C atoms and become weaker when
the C atoms are bonded with O atoms (white squares in Figs. 18(k) and 18(l)).
The adsorption-induced dramatic changes in band structures could be directly exam-
ined by ARPES. For example, such measurements have identified the Dirac-cone structure
of graphene grown on SiC, [345] and observed the opening of band gap for graphene on
Ir(111) through oxidation [123]. As expected, the feature-rich energy bands of GOs, in-
cluding the absence and presence of the distorted Dirac-cone structures, the concentration-
and distribution-dependent band gap, the O-dominated bands near EF , and the (C,O)-
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dominated bands at middle energy can be examined by ARPES. In addition to ARPES,
the unusual electronic structures can be verified using the photoluminescense spectroscopy,
[346] and internal photoemission spectroscopy, [347] such as, the verifications on band gap,
Dirac point energy, etc. The comparisons between theoretical predictions and experimental
measurements can comprehend the roles of chemical bondings on the electronic properties
of GOs and the effects due to the O-concentration and distribution.
The STS measurements on the special structures of DOS can provide the critical in-
formations coming from the chemical adsorption. For example, the band gap of exfoliated
oxidized graphene sheets has been directly confirmed by STS. [124] The main features in
electronic properties, including the concentration- and distribution-dependent energy gaps,
the O-dominated prominent structures near EF , the high pi- and pi
∗-peaks, and the strong
(C,O)-related peaks at middle energy, can be further investigated with STS. The STS mea-
surements on the asymmetric and symmetric peaks at distinct energy ranges can identify
the O-related band widths, and the specific chemical bondings in GOs.
The electrical conductivity is an important quantity to characterize the electronic prop-
erties of GOs sheets. When O atoms are adsorbed on graphene, the pi and sp2 bondings
in pristine graphene are changed into the complex hybridizations of (2px,2py,2pz) orbitals
in O-O, in O-C and C-C bonds. The high-concentration GOs are typically considered as
an electrical insulator due to the destruction of pi bondings. The electrical conductivity of
GOs is gradually enhanced as the O-concentration decreases [348]. In order to improve the
electrical conductivity of GOs, numerous methods of reducing O-concentration are applied.
GO films that have been reduced with hydroiodic acid show a higher electrical conductivity
compared to those reduced by hydrobromic acid and hydrazine hydrate. [349] Moreover,
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the electrical conductivity grows quickly with the increase of temperature and reduction
time. [350,351]
By appropriately tuning the O-concentration and distribution, and the number of
graphene layers, GOs are dramatically changed among the insulators, semiconductors and
semi-metals. The tunable and controllable electronic properties make GOs become high
potential candidates in materials applications, especially for electronic devices. The experi-
mental measurements show that the reduced GOs could serve as the conducting channels in
the field-effect transistors (FETs). [352–354] Furthermore, such FETs are deduced to have
potential applications in chemical and biological sensors. The great advantages is that
the fabrication of large-scale reduced GO films is fast, facile, and substrate independent,
compared to graphene films. [355] Moreover, by adjusting the O-concentration or extra
adsorbing molecules, the conductance of GOs is drastically changed, clearly indicating a
good promise in electrical sensors. [356–358] On the other hand, monolayer GOs have high
optical transmittance in the visible spectrum region due to the atomic thickness. [302] The
conducting and transparent properties of reduced GOs can be applied in transparent con-
ductors, [359,360] as well as in optoelectronic devices, including photovoltaic [361–363] and
light-emitting [363,364] devices.
5. Hydrogenated graphenes
Nonstop at the success of graphene fabrication, a Manchester team lead by Nobel lau-
reates A. Geim and K. Novoselov has used hydrogen atoms to modify a highly conductive
graphene into a new 2D material-graphane. [130] The discovery of graphane has opened the
flood gates to further chemical modifications of graphene. The addition of hydrogen atoms
to carbon atoms in graphene can generate a new system without damaging the distinctive
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one-atom-thick construction itself. By gradually binding hydrogen to graphene, they are
able to drive the process of transforming a semiconducting material into an insulating one.
As well as being an insulator that could prove useful in creating graphene-based electronic
devices, [365–367] graphane is also suitable for the application of hydrogen storage. [368,369]
Graphane, the fully hydrogenated analogue of graphene, was first theoretically proposed
by Sofo et al., [125] in which its electronic properties could be controlled by adatom ad-
sorption and desorption. However, it is not easy to be synthesized. The main issue is that
hydrogen molecules must first be separated into atoms. This process usually requires high
temperature, while it would alter or damage the crystallographic structure of graphene. In
2009, A. Geim ’s team has worked out a way to fabricate graphane by passing hydrogen
gas through an electrical discharge. [130] By this method, H atoms are created, and then
drift towards a sample of graphene and bond with C atoms. In 2010, Jones et al. have
synthesized graphane and partially hydrogenated graphene on both sides and single side
by electron irradiation of adsorbates on graphene (H2O and NH3). [132] Not long after-
ward, Wang et al. reported a new method to prepare high-quality and monolayer graphane
by plasma-enhanced CVD. [133] The great advantage of this method is that it can pro-
duce a large-area graphane film with very short deposition time (¡5 min) and low growth
temperature (∼920 K) compared to the CVD method (∼1270 K).
The essential properties of hydrogenated graphenes with various concentrations and
distributions are explored by the first-principles calculations in detail. The geometric struc-
tures strongly depend on the significant H-C bonds and the curvature-induced hybridiza-
tions in C-C bonds, and so do the electronic properties. The planar structure is changed into
the buckled one, leading to the sensitive changes in bond lengths, bond angles and carbon
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heights. There exist middle, narrow and zero energy gaps even at high adatom concen-
trations. Furthermore, whether ferromagnetic spin configurations could survive is mainly
determined by the adatom distributions. The band structures display the rich features,
including the destruction or recovery of the Dirac-cone structure, critical points, weakly
dispersive bands, and (C,H)-related partially flat bands. The orbital-projected DOSs are
clearly marked by the low-energy prominent peaks, delta-function-like peaks, discontinu-
ous shoulders, and logarithmically divergent peaks. By the detailed analyses, the strong
competitions in the critical chemical bondings of sp3s and sp2 are responsible for the di-
verse properties. In general, hydrogenated graphenes exhibit tunable band gaps as well as
ferromagnetism, and they are potential candidates for hydrogen storage applications.
5.1 Single-side adsorption
In sharp contrast to oxygens, hydrogens are preferably adsorbed at the top or bottom of
carbon-related structures. With the decreasing H-concentration, the geometric structures
can be classified into three types, namely zigzag (Z), armchair (A), and chiral (C), based
on the arrangement of C atoms between two H atoms (Fig. 22). There are two kinds of
well-behaved adsorption distributions, in which hydrogen adatoms are distributed at the
same sublattice (Figs. 22(a)-22(f)) or the two different sublattices simultaneously (Figs.
22(g)-22(j)). The latter is predicted to be more stable than the former because of the
lower binding energy (Table 3). The half-hydrogenation (Fig. 22(a)), the case which
hydrogen atoms on one side of graphane are removed, is referred to as ”graphone”. [370]
The main characteristics of geometric structures, including the C-C bond lengths, C-H bond
lengths, H-C-C angles, and heights of passivated carbon atoms are strongly dependent on
the concentration and distribution of hydrogen atoms, as shown in Table 3. With hydrogen
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adsorptions, the C-C bond lengths in graphene become non-uniform. The nearest and next-
nearest C-C bond lengths are in the ranges of 1.46−1.49 A˚ and 1.35−1.41 A˚, respectively.
As to the C-H bond lengths, they are slightly influenced by H-concentration with the range
of about 1.12−1.16 A˚. The C-H bond is formed by the sp3s hybridization of four orbitals
(2s,2px,2py,2pz) of carbon and 1s orbital of hydrogen (evidences discussed later in Figs.
26 & 27). The pristine planar C-C bond lengths are mainly determined by the σ bonding
due to the (2s,2px,2py) orbitals. These orbitals partially participate in the hybridizations
between C and H atoms. Consequently, the weakened σ bonding on the plane has an
effect to lengthen the nearest C-C bond lengths and thus shorten the second-nearest ones.
The H-C-C angles present a significant change from 103.26o to 107.57o. Apparently, the
passivated carbon atoms deviate from the graphene plane. Their heights slightly varry from
0.34 A˚ to 0.38 A˚, leading to the buckled graphene structure. The calculated parameters are
in between those of graphene and diamond. The dramatic changes of geometric structures
are due to the transformation from sp2 to sp3s hybridizations.
Recently, single-side hydrogenated graphenes have attracted a great deal of attention
since they could serve as magnetic materials with ferromagnetic configurations. [366, 370,
371] The total ground state energy is effectively reduced by the ordered spin arrangement,
e.g., ∼ 0.8 eV for graphone. The adatom distributions which can induce the local magnetic
momenta are investigated in detail. There are spin- and non-spin-polarized energy bands,
being determined by the adatom distributions. When hydrogen atoms are adsorbed at the
same sublattice, electronic structures exhibit the spin-dependent energy bands, as clearly
shown in Fig. 23. The spin splitting obviously appears in the range of |Ec,v| ≤ 2 eV, and
it is almost negligible at larger state energies. For the spin-up and spin-down states, the
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energy bands nearest to EF are fully occupied and unoccupied, respectively, indicating
the preferred magnetism. The pair number of spin-split energy bands is determined by
hydrogen atoms in a unit cell, e.g., four, two, and one pairs of splitting energy bands (Fig.
23(a); Figs. 23(b), 23(c) & 23(e); Figs. 23(d) & 23(f)), respectively, corresponding to the
same adatom numbers (Fig. 22(a); Figs. 22(b), 22(c) & 22(e); Figs. 22(d) & 22(f)). All the
energy bands are strongly anisotropic; furthermore, valence bands are highly asymmetric
to conduction bands about EF . The band-edge states, the extreme or saddle points in
the energy-wave-vector space, are situated at the highly symmetric points and the other
wave vectors between them. The linear isotropic Dirac cone of graphene is destroyed in
most of distributions, mainly owing to the absence of the hexagonal symmetry. However,
the deformed cone structure (Figs. 23(d) & 23(e)) could survive at the higher-symmetry
distributions (Figs. 22(d) & 22(e)). In general, the low-lying energy bands have the weakly
dispersive, linear and parabolic dispersions. They determine direct or indirect gaps of
Eg < 1 eV, being consistent with the previous calculations. [366] Specifically, the first kind
of energy bands mainly come from the second- and fourth-nearest carbon atoms. This is
associated with the strong C-H bonds. Moreover, H atoms make important contributions
to the energy bands in the deeper energy range of −3 ≤ Ev ≤ −8 eV, as revealed in the
(C,H)-related partially flat bands (the coexistent red ad blue circles).
The main differences between the non-polarized and polarized spin configurations lie
in the low-lying energy bands, including state degeneracy and band gap (Figs. 24 & 23).
The spin magnetism is absent under the uniform adatom distribution at the two sublattices
(Figs. 22(g)-22(j)). There are no spin-split energy bands separately crossing EF , while they
are replaced by the pairs of weakly dispersive energy bands. Energy gap might be largely
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reduced by the spin splitting, e.g., Eg=3.56 eV and 0.86 eV for the former and latter cases
at 25%, respectively (Table 3). As to lower H-concentrations, the low-lying energy bands,
which are weakly dependent on hydrogens and passivated carbon atoms, are built from the
reformed pi bondings. Specifically, the predicted polarization-dependent energy bands could
be verified from the spin-resolved ARPES. [372, 373] The experimental measurements of
magneto-optical Kerr effect are available in studying the spin-split absorption spectra. [374,
375] Moreover, the ferromagnetic configurations are expected to create the spin-polarized
currents in transport measurements, indicating potential applications in spintronic devices.
[376,377]
The spatial spin densities could provide more information about electronic and magnetic
properties. The single-side hydrogenated graphenes exhibit the ferromagnetic configuration
(Fig. 25), being different from the anti-ferromagnetic one in zigzag graphene nanoribbons
(Fig. 46). [378, 379] The spin-up magnetic moments almost dominate the spatial arrange-
ment, directly reflecting the fully occupied states in weakly dispersive energy bands below
EF (Fig. 23). They only appear at the same sublattice without hydrogen adsorptions, in
which the second and fourth neighboring carbon atoms make the main contributions. This
clearly indicates that spin momenta are seriously suppressed by the strong orbital hybridiza-
tions in C-H bonds; that is, the magnetic structure is mainly determined by the competition
between the orbital- and spin-dependent interactions. The typical magnetic moments in
a unit cell are about 1-4 µB (Bohr magneton), and they depend on H-concentration and
-distribution (Table 3). Specifically, graphone can present a large magnetic moment of
4µB, in which each non-passivated carbon atom contributes 1 µB. In addition, the similar
ferromagnetic configurations are also observed in double-side adsorptions (Figs. 30(a) &
57
30(b)). The hydrogen-created magnetic properties on graphene surface could be examined
using the spin-polarized STM. [380,381]
The above-mentioned characteristics are closely related to the strong C-C and C-H
chemical bonds. The significant orbital hybridizations could be fully comprehended by
analyzing the spatial charge density. The 1s orbitals of H atoms strongly bond the 2pz
orbitals of passivated carbon atoms (dashed rectangles in Figs. 26(a)-26(d)), being further
revealed in the drastic density variations associated with the 2pz orbitals (Figs. 26(g)-26(j);
∆ρ related to the second-nearest carbons indicated by the black arrows). Furthermore, they
only partially hybridize with (2px,2py,2s) orbitals. This could be identified from the lower
charge densities in the nearest C-C bond, compared with the others (black solid rectangles
in Figs. 26(b)-26(d); another evidences in DOS). As a result, there exist the sp3s orbital
hybridizations in C-H bonds. All the pi bondings are absent in graphone system (Figs.
26(a) & 26(g)), accounting for the destruction of Dirac-cone structure (Fig. 23(a)). With
the decrease of H-concentration, the pi bondings due to the pairs of non-passivated carbon
atoms gradually appear (pink rectangles in Figs. 26(b)-26(d); Figs. 26(h)-26(j)). They
could reform the pi and pi∗ bands at lower H-concentrations (Fig. 23(f); Figs. 24(b)-24(d)),
and even the Dirac-cone structure (Figs. 23(d) & 23(e)). However, the σ bondings do not
present very serious changes, so that their energy bands could remain at the almost same
energy range. The critical sp3s bondings also induce the similar charge distributions in the
double-side adsorptions, as indicated from Figs. 26(e), 26(f), 26(k) & 26(l).
The magnetic configurations and the competition of sp3s and sp2 bondings are clearly
evidenced in the orbital-projected DOSs as many special structures. There are two groups
of low-lying strong peaks almost symmetric about the Fermi level, as shown in Fig. 27 (two
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arrows). For the ferromagnetic systems, they are, respectively, associated with the weakly
dispersive spin-up and spin-down energy bands at E < 0 and E > 0 (Figs. 27(a)-27(f); Fig.
23). However, two distinct spin states make the same contribution to the non-magnetic
systems (Figs. 27(g)-27(j); Fig. 24). This critical difference could be detailedly examined
using the spin-polarized STS. [382,383] The graphone system presents a shoulder structure
at E = −2.1 eV and a lot of merged special structures at E < −5 eV, arising from the σ and
various orbitals, respectively (blue curve and other curves in Fig. 27(a)). This indicates
the full termination of pi bonding, the dominant sp3 bonding, and the partial contribution
of σ orbitals in the H-induced hybridization. Concerning the former, the dominance is
gradually changed from σ orbitals into 2pz ones with the decrease of H-concentration (red
curves). Furthermore, the shoulder structure might become the linear E-dependence at
certain distributions (Figs. 27(d) & 27(e)), corresponding to the slightly deformed Dirac
cones (Figs. 23(d) & 23(e)). Most of 2pz orbitals form the non-well-behaved pi bonding,
although the C-H bonds could survive at deeper energies.
5.2 Double-side adsorption
Graphane could exist in three types of configurations, namely, chair, boat and twist
boat. The first configuration, as shown in Fig. 28(a), is identified to be the most stable
system. [125,384,385] As illustrated in Table 4, the double-side adsorptions possess the lower
binding energies, compared with the single-side ones. This means that the the double-side
adsorbed systems are more stable, in agreement with the previous study. [386] Both of
them exhibit the similar buckled structures, with the significant changes in the C-C bond
lengths, C-H bond lengths, heights of passivated carbons and H-C-C angles (Tables 5 &
4). Among all the hydrogenated systems, graphane has a uniform geometric structure,
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including the longest C-C bond length (1.53 A˚), the shortest C-H bond length (1.12 A˚),
and the lowest height (0.22 A˚). This originates from the full hydrogenation. The attractive
C-H interactions, which coexist on both sides, compete with the σ bondings to create the
stable structure. Such competition is responsible for the main geometric properties. With
the variation of concentration and distribution, the height obviously grows and even reaches
0.57 A˚ at 6.3% (Z), being related to the highly non-uniform adsorption in a unit cell.
On the experimental side, the hydrogenation of layered graphenes is confirmed by Ra-
man [387–389] and micro-Raman spectroscopies. [390] Furthermore, STM images have re-
vealed the hydrogen adsorbate structures on graphene surface, including the top-site po-
sitions and the distinct configurations: ortho-dimers, para-dimers, and various extended
dimer structures and monomers. [138] Moreover, the H-concentrations could be obtained
from Fourier transform infrared spectroscopy combined with CHNO combustion analy-
sis. [391] The predicted geometric properties of hydrogenated graphenes, the C-H bond
lengths, the C-C bond lengths, the heights of passivated carbons and the H-C-C angles
(Tables 4 & 5), deserve further experimental measurements. Such examinations are very
useful in identifying the competition between the sp3s and sp2 hybridizations.
Graphane presents a non-magnetic characteristic, in which the spin configuration is
fully suppressed by the significant C-H bonds. Band structure, as indicated in Fig. 29(a),
belongs to a large direct-gap semiconductor of Eg = 3.57 eV. This gap is associated with
the σ and pi∗ bands at the Γ point. The Dirac-cone structure and the pi bands disappear,
indicating the thorough termination of the pi bondings. The H-dominated energy bands are
absent near EF , while the O-dominated ones could survice and determine Eg (Figs. 16(a)-
16(d)). The 1s orbital of each H atom has strong hybridizations with carbon orbitals, so
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that only the (C,H)-co-dominated bands are revealed at deeper energy, as observed in any
hydrogenated graphenes (Figs. 23 & 24). With the decrease of H-concentration in the
zigzag distribution, one or two pairs of weakly dispersive energy bands come to exist (Figs.
29(b)-29(e)), accompanied with the gradual recovery of the other pi and pi∗ bands. Energy
gaps decline and fluctuate, as observed in Table 4. On the other hand, the armchair-
distribution systems present zero gap, since there exist Dirac-cone structures near the Γ
point (Fig. 29(f)). Furthermore, energy gaps are very narrow or vanishing under the chiral
distributions (Figs. 29(g) & 29(h)), mainly owing to the deformed Dirac-cone structure
and the almost flat bands near EF .
The double-side hydrogenated graphenes, as shown in Figs. 30(a) & 30(b), exhibit the
spin-polarized energy bands under the same passivated sublattice (Figs. 28(g) & 28(h)).
The similar magneto-electronic properties are revealed in the single-side adsorptions (Figs.
23(a)-23(f)). The splitting spin-up and spin-down energy bands become pairs of valence
and conduction bands, so that the ferromagnetic configurations in hydrogenated graphenes
belong to semiconductors. However, the ferromagnetic ordering, with the metallic free
carriers, could exist in the halogenated graphenes (Figs. 33-36 in Chap. 6.1) and alkali-
adsorbed graphene nanoribbons (Fig. 46(d) in Chap. 7.2). Such weakly dispersive bands,
which mainly come from the second and fourth neighboring carbon atoms, are clearly
evidenced in the spatial spin densities. Two pairs of splitting energy bands and the magnetic
moment of 1 µB correspond to two H adatoms.
Graphane quite differs from the other hydrogenated graphenes in electronic properties,
and so do the special structures in the orbital-projected DOS (Figs. 31 & 27). The former
does not exhibit two groups of low-lying prominent peaks centered at EF (Fig. 31(a)), since
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the pairs of weakly dispersive bands are absent (Fig. 29(a)). Only two shoulder structures,
which originate from (2px,2py) and 2pz orbitals of carbon atoms, are, respectively, located
at −1.75 eV and 1.75 eV. That is, energy gap is determined by the σ and pi∗ bands.
Specifically, at deeper energies of E < −3 eV, many structures due to (2s,2px,2py,2pz,1s)
orbitals appear simultaneously, clearly indicating the sp3s hybridizations in C-H bonds.
Such chemical bondings exist in all the hydrogenated graphenes (Figs. 31 & 27). However,
DOSs dramatically change with various distributions and concentrations (Figs. 31(b)-
31(h)), especially for the recovery of 2pz-orbital structures (red curves due to pi bands near
EF ) and the existence of spin-split or spin-degenerate strong peaks across EF (arrows).
Up to now, the hydrogen-induced bandgap opening is confirmed by ARPES [134, 135]
and STS [136, 137] measurements. The rich features of energy bands, the concentration-
and distribution-dependent energy gaps, the strong anisotropy, three kinds of energy dis-
persions, the occupied spin-up electronic states, and the (C,H)-co-dominated energy bands
at deeper energies, deserve further experimental examinations. ARPES [134,135] and spin-
resolved ARPES [372, 373] measurements could verify the important differences between
graphane and graphone, including the spin-degenerate or spin-split bands and the large
or small gaps. Moreover, STS [136, 137] and spin-polarized STS [382, 383] are available in
the identification of the unusual electronic and magnetic properties. Whether two groups
of low-lying DOS peaks coexist in the experimental measurements determines the non-
magnetic or ferromagnetic configurations.
As mentioned in many articles, hydrogenated graphene materials have potential appli-
cations in various fields. The experimental studies show that the process of hydrogenation
is reversible and produces high hydrogen density and low mass of graphane. These cre-
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ate outstanding candidates for energy storage systems [140–142] and open a bright future
for hydrogen-powered vehicles. [143] Furthermore, the band gap is engineered under the
reversible hydrogenation, i.e., the degree of hydrogenation is available in the modulation
of conductive properties. Through this process, graphene-graphane mixed structures of-
fer greater possibilities for the manipulation of semiconducting materials, and they can
be potentially applied in the fields of transistor, [365] superconductor, [366, 367] photon-
ics, [392] and others applications. [367] For instance, the bipolar junction transistor based
on graphane, in which profiles of carriers and intrinsic parameters are calculated and dis-
cussed. [365] Moreover, partially hydrogenated graphene and graphene can be used as a
sensing platform to detect Trinitrotoluene (the main component in explosives) in seawa-
ter. [393] It is expected that future studies on functionalized hydrogenated graphenes will
achieve many interesting applications.
6. Halogenated graphenes
The fluorinated graphene has become a rising star of graphene-based systems due to
its high stability and interesting properties, e.g., a high room-temperature resistance (¿10
GΩ), [144, 152] optical transparency, [152, 153, 394] tunable band gaps [152–154, 163] and
magnetic properties. [163,164] A typical method of preparing fluorinated graphite is called
fluorination, such as the fluoinations using direct gas, [144,145] hydrothermal reaction, [150,
151] plasma, [146,147] and photochemistry. [148,149] Both F-concentrations and C-F bonds
usually depend on the fluorination conditions covering the temperature, pressure, and time
of treatment. The fluorinated graphite could be further reduced to monolayer system by
means of the exfoliation methods, mainly including liquid-phase exfoliation, [395] modified
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Hummer’s exfoliation, [396] thermal exfoliation, [397] and solvothermal exfoliation. [157]
The fluorinated graphene could also be synthesized by the direct chemical fluorination
of monolayer graphene, e.g., by heating the mixture of graphene sheet and XeF2. [153,
394] Moreover, the chlorinated, [165, 166] brominated [167] and iodinated [168] graphenes
have been produced by the similar methods. However, the experimental synthesis on the
astatine-doped graphenes is absent up to now. This might be due to weak At-C bodings
or the small binding energies.
The previous theoretical calculations show that the full fluorination of graphene leads to
the destruction of the Dirac-cone structure and thus a direct gap of Eg ∼ 3.1 eV. [154,163]
The fluorination-induced large gap is confirmed by the experimental measurements of the
transport [144,152] and optical [153] measurements. Moreover, the partial fluorination can
create the diverse electronic and magnetic properties, being sensitive to the concentrations
and distributions. [154, 163] The fluorinated graphenes exhibit the metallic or semicon-
ducting behaviors, [154, 163] and the ferromagnetism or non-magnetism. [163] The p-type
dopings are evidenced in the experimental measurements of the G-band phononref and
Fermi level. [156] The experimental measurements on the induced magnetic moment indi-
cate the paramagnetic behavior with the specific temperature- and field-dependence, being
attributed to the non-uniform adatom clusters. [164] On the other hand, there are only
few theoretical studies on the Cl-, Br-, and I-doped graphenes. [154, 155] Their electronic
properties are predicted to strongly depend on the degree of halogenation. Obviously, it
is worthy of making a systematic investigation on five kinds of halogenated graphenes, in
which the critical mechanisms responsible for the diversified properties and the important
differences among them are explored in detail.
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The geometric, electronic and magnetic properties are investigated for all the halogen-
adsorbed graphenes. The dependence on the concentration and arrangement of halogen
adatoms (X = F, Cl, Br, I, and At) is discussed extensively. Absorption energies, bond
lengths, buckled or planar structures, carbon- or adatom-dominated energy bands, band-
edge states, free hole density, charge distribution, spin configuration and DOS are included
in the calculations. Apparently, there exist the diversified essential properties, covering the
opening of band gap or the distortion of the Dirac-cone structure, the metallic behaviors due
to free holes, the creation of the adatom-dominated or (adatom,C)-co-dominated energy
bands, the degeneracy or splitting of the spin-related energy bands, the multi- or single-
orbital hybridizations in halogen-C bonds; ferromagnetism and non-magnetism. They are
further reflected in a lot of special structures of DOS. Such properties are strongly affected
by the distinct kinds of adatoms, in which the critical importances between fluorinated and
other halogenated graphenes are investigated in detail.
6.1 Halogenation-diversified essential properties
The essential properties of halogen-doped graphenes are investigated for the distinct
adatoms, concentrations and distributions. The optimal adatom position at the top site,
as shown in Fig. 32, is consistent with previous calculations. [154,319] Obviously, the X-C
bond length strongly depends on the atomic number, in which it varies from 1.57 A˚ to
3.72 A˚ as F→At at the same concentration 3.1% (Table 5). F adatom is much lower than
the other halogen adatoms, indicating the serious orbital hybridizations in the F-C bonds.
Fluorination results in the buckled graphene layer, in which the heights of the passivated
carbons are sensitive to the adatom concentrations. Moreover, the strength of X-C bonding
is directly reflected in the C-C bond lengths and the binding energies. For fluorinated
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graphenes, the nearest C-C bond lengths are greatly enhanced at high concentration, and
their binding energies are the lowest ones among the halogenated systems. The stability of
halogenated graphenes presents in the order of F > Cl > Br > I > At, which agrees well
with other studies. [154, 398] In addition, the configuration parameters are also affected
by the adatom distribution, e.g., those of single- and double-side fluorinated graphenes at
50%.
It should be noticed that the Cl-, Br-, I- and At-absorbed graphenes possess the meta-
stable configurations with the much lower adatom heights. This configuration presents
a smaller binding energy compared to the most stable one, e.g., the chlorinated systems
(Table 5). [154, 399] The enhanced ground state energy mainly results from the weakened
sp2 bondings in the longer C-C bonds. The very strong orbital hybridizations in Cl-C bonds
can destroy the Dirac-cone structure and create an observable energy gap (Eg = 1.41 eV at
100%). But for the optimal configurations, all the above-mentioned halogenated systems
exhibit the metallic behavior with free holes even at the saturated adsorption. The p-type
doping has been confirmed by the experimental measurements. [166, 320, 400] The drastic
changes in concentration-dependent energy bands will be explored in detail. In short,
the fluorinated graphenes sharply contrast to the other halogenated ones in geometric
configurations, and so do the essential electronic properties.
Electronic and magnetic properties are dramatically altered by graphene halogenations,
such as the Dirac-cone structure, the Fermi level, the free carrier density, the energy gap,
the adatom-dominated bands, and the spin configurations. For the sufficiently low concen-
trations, halogen adatoms will donate free holes by the very strong affinity. The Dirac-cone
structure is seriously or slightly deformed, relying on the strength of orbital hybridization
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in halogen-C bonds, as shown for halogenated graphenes in Figs. 33(a)-33(f). The Fermi
level is situated at the valence Dirac cone, so that free holes exist between the valence
Dirac point and the Fermi level. The free carrier density is lower than that in alkali-
doped graphene (Fig. 2 in Chap. 7). The linearly intersecting bands (Fig. 33(a)) become
parabolic bands with two separated Dirac points for the F-adsorbed system (Fig. 33(b)),
while the other halogenated graphenes only exhibit the slight distortions (Figs. 33(c)-33(f)).
This clearly illustrates the more complicated orbital hybridizations in F-C bonds, being at-
tributed to the lower height of adatom. Such hybridizations induce the thorough changes
of all energy bands. Apparently, the quasi-rigid blue shifts of the pristine energy bands are
absent. Moreover, the halogen-C bond strength can determine whether the (halogen,C)-
co-dominated or halogen-dominated energy bands survive. The rather strong F-C bonds
cause the (F,C)-co-dominated valence bands to be located in −3.5 eV≤ Ev ≤ −2.5 eV.
However, the Cl-, Br, I- and At-dominated bands are very similar to one another. They are
characterized by the almost flat bands in −1 eV≤ Ev ≤ −2.5 eV. The weak mixing with
the C-dominated pi bands directly reflects the bonding strength. The significant splitting
of the spin-up and spin-down energy bands is revealed near EF (red and blue curves), in
which the largest energy spacing reaches ∼ 0.5 eV. The former has more occupied electronic
states (red curves), leading to the ferromagnetic configuration.
The band structure of fluorinated graphenes strongly depend on the F-concentration
and distribution, as shown in Figs. 34(a)-34(f). The fully fluorinated graphene has the most
stable chair configuration (Fig. 32(a)). [163,401] The Dirac-cone structure (the pi bonding)
thoroughly vanishes under the overall F-C bondings (Fig. 34(a)). A direct energy gap of
3.12 eV appears at the Γ point, in agreement with the previous theoretical calculations [154,
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163, 394, 401] and experimental measurements. [152] It is related to the highest (F,C)-co-
dominated valence bands and the lowest C-dominated conduction bands. All valence bands
are co-dominated by F and C. They are built from their 2px+2py orbitals, as indicated from
DOS in Fig. 40(a). Furthermore, energy dispersions (band widths) are sufficiently strong
(wide) in −4 eV≤ Ev ≤ −1.56 eV, but become weak at deeper energies. These clearly
illustrate the strong orbital interactions in F-F, C-C and F-C bonds. The former two can
create energy bands, leading to the hybridized valence bands by the last one. With the
decrease of fluorination, the semiconducting or metallic behaviors are mainly determined
by the C-dominated energy bands (Figs. 34(b)-34(f)); that is, the pi-electronic structure
(the 2pz-orbital bonding) is gradually recovered. The F-F bonding quickly declines, while
the strength of F-C bond almost keeps the same, as implied from the weakly dispersive
(F,C)-co-dominated bands in −4 eV≤ Ev ≤ −2.5 eV even at lower concentrations (Figs.
34(f) and 33(b)). In addition, hole doping and ferromagnetism might coexist under certain
concentrations and distributions (Figs. 34(c) and 34(e)).
As for the other halogenated graphenes, they possess the metallic energy bands under
various adatom adsorptions, as shown in Figs. 35(a)-35(f). Free carriers can occupy the
Dirac-cone structure, as well as the halogen-created energy bands with wide band-widths,
at sufficiently high concentrations (Figs. 35(a), (b), (e); (f)). This clearly indicates the
coexistence of the pi bonding in carbon atoms and the significant atomic interactions among
halogen adatoms. The latter are largely reduced in the decrease of concentration, so that
halogen-dependent energy dispersions become very weak, and they are below or near the
Fermi level (Figs. 35(e), 35(d); 33(c)-33(f)). That is, free carriers only exist in the Dirac
cone at lower concentrations. The drastic changes in the halogen-induced band widths are
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also revealed in the concentration-dependent DOS (Fig. 40).
The halogenated graphenes might present the ferromagnetic spin configuration under
the same adsorption sublattice, as observed in hydrogenated systems (Chap.5). The fluo-
rinated systems, as shown in Figs. 34(c) & 34(e), have the spin-split energy bands across
the Fermi level simultaneously; that is, they exhibit the metallic ferromagnetisms. Such
bands are dominated by carbon atoms (2pz orbitals), but not F adatoms. This is clearly
identified from the spatial spin density near carbon atoms (Figs. 36(a) & 36(b), and the
spin-split DOSs of C-2pz orbitals asymmetric about the Fermi level (Figs. 39(c) & 39(d)).
The occupied/unoccupied carrier densities in the spin-up and spin-down bands differ from
each other (the dashed red and solid blue curves), in which their difference will deter-
mine the strength of the net magnetic moment. 1.94 µB and 0.22 µB are, respectively,
revealed at the single-side 50% (Z) and 16.7% fluorinations (Table 5). On the other hand,
the metallic ferromagnetisms in the other halogenated graphenes are closely related to the
adatom-dominated spin-split energy bands below and near the Fermi level (Figs. 33(c),
33(d), 35(e); 35(h)). This is consistent with the spin density accumulated around adatoms
(Figs. 36(c)-36(f)), and the asymmetric and large low-energy DOS of adatom orbitals
(Figs. 40(c), 40(d), 40(e); 40(h)). In short, there are certain important differences be-
tween halogenated and hydrogenated graphenes in the spin-dependent properties, covering
the metallic or semiconducting behaviors, the uniform or non-uniform magnetic-moment
contributions from each non-passivated carbon atoms in a unit cell, and the spin density
concentrated near adatoms or carbons.
The multi- or single-orbital hybridizations in halogen-C bonds, which dominate the
essential properties, could be comprehended from the spatial charge distributions (ρ and
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∆ρ in Figs. 37 & 38). The F-adsorbed graphenes, as shown in Figs. 37(b)-37(g), exhibit
the strong covalent F-C bonds (dashed black rectangles), the F-F bonds (purple rectangles),
the weakened σ C-C bonds (black rectangles), and the deformed pi bonds (pink rectangles)
compared to the pristine graphene (Fig. 37(a)). Apparently, these can create the (F,C)-co-
dominated energy bands, the F-induced energy bands, the more complicated pi and σ bands,
and the seriously distorted Dirac cone (Figs. 34 & 39). There exist very complicated charge
density differences in three kinds of bonds. The obvious spatial distribution variations on
yz and xz planes clearly illustrate the multi-orbital hybridizations of (2px,2py,2pz) in F-C
bonds (Figs. 37(e)). Two fluorine adatoms present the significant orbital hybridizations
at sufficiently short distance (Figs. 37(e) & 37(f)) The sp3 bonding is evidenced in a
buckled graphene structure, as indicated from the deformations of the σ bonding in the
nearest C atom (black arrows) and the pi bonding in the next-nearest one (pink arrows).
Electrons are effectively transferred from C to F atoms, leading to the p-type doping with
the deformed pi bonding at low concentration (Fig. 37(g)). On the contrary, the other
halogenated graphenes do not have rather strong X-C bonds and thus almost keep the
same in the planar σ bonding, as shown for chlorinated systems in Figs. 38(a)-38(f).
Halogen and carbon are bound to each other by their pz orbitals. This critical single-
orbital hybridization cannot destroy the pi bonding and the Dirac cone (Figs. 35 & 40).
This is responsible for the p-type doping; that is, all of them belong to metals. For high
concentrations, halogen adatoms possess the (px,py)-orbital hybridizations, even creating
conduction bands with many free carriers. In short, the important differences between
fluorinated graphenes and other halogenated systems in the essential properties originate
from the orbital hybridizations of chemical bonds.
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The halogenated graphenes, as shown in Figs. 39 and 40, present the diverse structures
in DOSs as a result of the adatom-dependent chemical bondings. Under the full fluorination
(Fig. 39(a)), DOS is vanishing within a 3.12 eV energy range centered at the Fermi level,
illustrating the destruction of Dirac cone by the strong F-C interactions. (2px,2py) orbitals
of fluorine and carbon atoms dominate the valence-state DOS at E < −1.56 eV (pink
and blue curves). The effective energy range of the former (∼3.5 eV) is even wider than
that of the latter (∼2.5 eV). Furthermore, the shoulder and peak structures due to them
appear simultaneously. These further indicate the coexistence of the F-F, C-C and F-C
bondings. With the decrease of concentration (Figs. 39(b)-39(f)), there are more special
structures in DOS, corresponding to the reduced energy widths of F-dependent valence
bands, the creation of carbon pi bands (red curves), and the partial contribution of F-2pz
orbitals (cyan curves; a lot of low structures). Specifically, F-(2px,2py) orbitals can make
obvious contribution even for the dilute fluorination, but are revealed at narrow ranges,
e.g., certain sharp peaks in Figs. 39(e) and 39(f). Such structures arise from the weakly
dispersive (F,C)-co-dominated energy bands (Figs. 34(f) and 33(b)). The enhancement
of pi-band width becomes the critical factor in determining the magnitude of energy gap
and the metallic behavior. For the sufficiently low concentration, a finite DOS near E = 0
is combined with one dip structure (arrows in Figs. 39(d) & 39(e)) or a zero plateau
(Fig. 39(f)) at the right-hand side, an evidence of the distorted valence Dirac cone (Figs.
34(e), 34(f); 33(b)). The above-mentioned features are mainly due to the complicated
orbital hybridizations of (2px,2py,2pz) in F-F, C-C and F-C bonds. It is also noticed that
the metallic ferromagnetism is clearly revealed in the occupied/unoccupied spin-dependent
DOSs of C-2pz orbitals near the Fermi level (the solid and dashed red curves in Figs. 39(c)
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& 39(d)), in the agreement with the carbon-dominated magnetism (Figs. 36(a) & 36(b)).
The other halogenated graphenes sharply contrast with fluorinated systems in certain
important characteristics of DOS. For any adatom adsorptions, the former have an obvious
σ shoulder about 3 eV below the Fermi level (blue curves in Figs. 40(a)-40(h)). The σ
valence bands keep the same after halogenation, further indicating the negligible hybridiza-
tions among C-(2px,2py) orbitals and adatom ones. All systems present a dip structure near
E = 0 (arrows), in which the blue shift can reach ∼0.7 eV. This reflects the distorted Dirac
cone formed by the pi bonding of C-2pz orbitals. Furthermore, there are obvious special
structures due to the pi bands (red curves). Under the sufficiently high halogenation, the
(3px,3py) and 3pz orbitals of Cl adatoms can, respectively, form the conduction and valence
bands, and the valence bands (pink and cyan curves in Figs. 40(a) and 40(b)), as revealed
in brominated graphenes (Figs. 40(f) and 40(g)). Their band widths decline quickly in the
decrease of concentration, being characterized by the sharp peak structures (Figs. 40(c),
40(d), 40(e) & 40(h)). The (3px,3py) or (4px,4py)-dominated weakly dispersive energy
bands can greatly enhance DOS near the Fermi level. Specifically, the special structures
related to the (2pz,3pz,4pz) orbitals appear at the same energies. Their hybridizations are
the significant interactions between halogen and carbon atoms, according to the atom- and
orbital-dependent features in DOSs. Moreover, the spin-up and spin-down DOSs might be
very asymmetric about the Fermi level, in which they come from the adatom pz orbitals
(the solid and dashed cyan curves in Figs. 40(c), 40(e); 40(h)), or px+py orbitals (the
solid and dashed pink curves in Fig. 40(d)). This corresponds to the adatom-dominated
ferromagnetic metals (Figs. 36(c)-36(f)).
6.2 Comparisons, measurements and applications
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Halogenation, hydrogenation and oxidization are quite different from one another in ge-
ometric and electronic properties, being closely related to the orbital-dependent chemical
bondings. Halogen and hydrogen have the optimal top-site positions, and oxygen is situ-
ated at the bridge site. F-C, H-C and O-C bonds present the multi-orbital hybridizations,
while the other X-C bonds only possess the critical pz-orbital interactions. The former can
create the buckled graphene structure, the destruction or serious distortion of pi bonding,
the obvious change of σ bonding, and the (adatom,C)-co-dominated energy bands. Halo-
genated graphenes and graphene oxides possess the tunable energy gaps, and fluorinated
graphenes might be semiconductors or metals. As to the other halogenated graphenes, elec-
tronic structures mainly consist of adatom- and carbon-dependent energy bands without
the significant mixings; furthermore, they belong to the hole-doped metals. Under certain
adatom adsorptions, the halogenated and hydrogenated graphenes, respectively, exhibit the
metallic and semiconducting ferromagnetisms. In addition, the single- and multi-orbital
hybridizations are, respectively, revealed in alkali- and Al-adsorbed graphenes, accounting
for very high-density free electrons in the preserved Dirac cones and adatom-dominated
conduction bands (Chaps. 7 & 8).
The concentrations of halogen adatoms have been measured by various experimental
methods. Both measurements from XPS and Raman spectroscopy reveal room-temperature
fluorination saturates concentrations of 25% for single-side exposure and 100% for double-
side exposure. [394] Fluorinated graphenes, with double-side concentrations of 25% and
50% produced by exfoliating graphite fluoride with fluorinated ionic liquids, are examined
by TEM and atomic force microscopy (AFM). [402] The precise control of the F/C ratio
of fluorinated graphene is very important for opening the band gap, tuning the electrical
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conductivity and optical transparency, and resolving the structural transformation. This
ratio can be controlled by changing the fluorination conditions, e.g., fluorination agents,
temperature and time. [403,404] In additional to fluorine, XPS and EDS (energy-dispersive
X-ray spectroscopy) measurements have identified the adatom concentrations in chlorinated
and brominated graphenes, revealing the ranges of 18-27% and 2-8%, respectively. [405]
Also, a 8.5% coverage of Cl-adsorbed graphene is confirmed by XPS measurement. [166]
As to the in-plane lattice constant, the expansion by fluorination is verified from electron
diffraction pattern. [144,152] The prominent geometric properties of halogenated graphenes,
the optimal top-site positions, the adatom-dependent heights, and the fluorination-induced
buckling structure, would require further experimental examinations, being useful in the
identification of the single- or multi-orbital hybridizations in X-C bonds.
The metallic and semiconducting of halogenated graphenes have been examined by
ARPES, optical spectroscopies and electrical transport measurements. The ARPES mea-
surement on fluorinated graphenes shows a ∼0.79-eV redshift of the Fermi level below the
Dirac point. [156] For chlorinated graphenes, the p-type doping is verified from the up-
shift of the graphitic G-band phonon in the Raman characterization. [166] In addition,
Br2- and I2-doped monolayer graphenes [320] present the p-type doping, since the Dirac
voltage at the charge neutrality point where the 4-probe resistance is maximum is shifted
to higher gate voltages in the increase of molecule concentration. A 3.8-eV energy gap
of high-concentration fluorographene is directly verified from photoluminescence spectrum
and near edge X-ray absorption spectrum. [153] Also, the prominent features characteris-
tic of the strong F-C bonds are confirmed by Fourier transform infrared spectroscopy and
electron energy loss spectroscopy. A highly fluorinated graphene is verified to be transpar-
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ent at visible frequencies and have the threshold absorption in the blue range, indicating
a wide gap of Eg ≥ 3 eV. [152] This is consistent with the high room-temperature resis-
tance of >10GΩ in the electrical measurements. [144,152] As for the theoretical predictions,
electronic properties, being diversified by the X-X, X-C and C-C bonds, could be test by
ARPES and STS measurements, such as the halogen-, carbon- and (X,C)-co-dominated
energy bands, the destruction or distortion of Dirac cone, an enhanced DOS accompanied
with a a bule-shift dip/plateau structure near the Fermi level, a pair of gap-related shoulder
structures, and halogenation-induced many special structures. The spin-polarized spectro-
scopies are available in examining the spin-split energy bands and the highly asymmetric
DOSs near EF .
As a result of the remarkable properties and high stability, fluorinated graphenes are ex-
pected to exhibit potential applications in many areas. They have been utilized in lithium-
related batteries. [157] This material not only possesses abundant fluorine active sites for
lithium storage but also facilitates the diffusion of Li+ ions during charging and discharging,
leading to high-performance lithium batteries. Edge-fluorinated graphene nanoplatelets
could serve as high performance electrodes for lithium ion batteries and dye-sensitized solar
cells. [406] Fluorinated reduced GO is synthesized as an interlayer in lithium-sulfur batter-
ies, which greatly improves the open circuit potential, cycling stability and capacitiy. [407]
Fluorinated graphenes could also be used as an electrode material for supercapacitors. [158]
Moreover, this system presents many advantages in other fields, such as the biological scaf-
fold for promoting neuro-induction of stem cells, [159] the ink-jet printed technologies [160]
amonia detection, [161] and adsoprtion of biomolecules. [162] As for the other halogenated
graphenes, they have some promising applications, e.g., Cl-graphene-based field-effect tran-
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sistors, [408] and brominatied few-layer graphenes for highly apparent conducting electrodes
with low optical losses. [409]
7. Alkali-adsorbed graphene-related systems
The chemical doings in graphitic systems have been extensively studied both experi-
mentally and theoretically since 1984. [410] The alkali atoms, which include Li, Na, K,
Rb & Cs, [169, 411–413] are intercalated between graphitic layers. There exist various
stage-N layered structures closely related to the alkali concentrations. Upon intercala-
tion, electrons are effectively transferred from the intercalant layers to the carbon ones.
Graphite interaction compounds can achieve a conductivity as good as copper, with the
proper intercalations. Furthermore, they exhibit superconductivity, with transition tem-
perature below 2 K, e.g., ∼ 0.15− 1.9 K for alkali-doped compounds. [411, 414, 415] The
similar chemical syntheses are successfully extended to the low-dimensional systems, such
as, alkali-doped graphenes, [88, 172, 175–178] carbon nanotubes [170, 171, 416–418] and
fullerenes. [173,174,419] Specifically, the superconductivity temperature is largely enhanced
to ∼ 19− 38 K for alkali-doped C60 fullerides. [173, 420, 421] From the ARPES measure-
ments on alkali-doped graphenes, [177, 179, 180, 232] the Dirac-cone structures have an
obvious red shift, clearly indicating the high free carrier density. The creation of many
conduction electrons is worthy of detailed examinations. The high doping efficiency could
provide practical applications in nanoelectronics, [185, 186] energy storages, [176, 422] and
excellent performance batteries. [176,423]
From the point of view of geometric structure, each graphene nanoribbon is regarded
as a finite-width graphene strip or an unzipped carbon nanotube. Up to now, graphene
nanoribbons have been successfully produced by the various experimental techniques. Cut-
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ting graphene could be achieved by using metal catalysts, [424, 425] oxidation [426, 427]
lithographic patterning and etching, [428, 429] and sonochemical breaking. [7, 186] Fur-
thermore, the available routes in the unzipping of multi-walled carbon nanotubes cover the
strong chemical reaction, [276,430] laser irradiation, [431] metal-catalyzed cutting, [432,433]
plasma etching, [434, 435] STM tips, [436] high-energy TEM, [437] intercalation and exfo-
liation, [438] and electrochemical unzipping. [439] All the pristine graphene nanoribbons
belong to semiconductors because of the finite-size confinement and the spin configuration
on edge structure. [378, 379] A lot of theoretical and experimental studies show that the
essential properties are dramatically changed by the chemical dopings. The semiconductor-
metal transition is revealed in edge-decorated graphene nanoribbons, e.g., Li-, Be-, Na- and
K-decorated systems. [287,440,441] The Li-adsorbed zigzag systems are expected to present
the position-dependent spin configurations. [442] Hydrogen molecules [443] and tin oxide
nanoparticles [444] are successfully synthesized on layered systems. A thorough investi-
gation on alkali-adsorbed systems is very useful in understanding how many free carriers
created by adatoms.
When the alkali adatoms are adsorbed on graphene surfaces, the dramatic changes in
band structure and free carrier density come to exist simultaneously. The critical orbital
hybridizations in alkali-carbon (A-C) bonds are directly obtained from the detailed analyses
on the alkali- and carbon-dependent energy bands, the slightly perturbed pi bonding, and
the orbital-projected DOSs. The significant s-2pz hybridizations can account for the rich
and unique essential properties. The first-principles calculations show that they dominate
the optimal hollow-site position, the planar structure, the highest alkali concentration, and
the feature-rich electronic properties. The unoccupied conduction bands become the par-
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tially occupied ones after the alkali-atom adsorptions. There are only few alkali-dominated
conduction bands, and the other conduction and valence bands arise from carbon atoms.
Energy bands, which are co-dominated by alkali and carbon atoms, are absent. Moreover,
the free electron density in the occupied conduction bands are identified to be only pro-
portional to the alkali concentration from the detailed investigations on the alkali-adsorbed
graphene nanoribbons. These are quite different from the essential properties of the O-,
H-, halogen- and Al-adsorbed graphenes, further illustrating the dominance of the orbital
hybridizations in chemical bonds.
7.1 Alkali-adsorbed graphenes
The essential properties of alkali-adsorbed graphenes are investigated for the distinct
adatoms, concentrations and distributions. The optimal adatom position, as shown in
Fig. 41, is located at the hollow site, [181–184] regardless of the above-mentioned factors.
Specifically, two opposite alkali adatoms in the double-side adsorption are centered about
the graphene plane. The hollow-site position has been verified by the low-energy electron
microscopy. [179] The adatom height strongly depends on the atomic number, in which it
varies from 1.74 A˚ to 3.04 A˚ as Li→Cs (Table 6). The A-C bond length grows with the
increasing adatom radius, ranging from 2.28 A˚ to 3.36 A˚. Furthermore, the Li adatoms
present the largest binding energy. In addition, the similar results could also be observed
in graphene nanoribbons (not shown). These clearly illustrate that the Li adatoms exhibit
the strongest bondings with carbon atoms among the alkali-adsorbed systems. The planar
honeycomb structure keeps the same, so that the σ bonding due to (2s,2px,2py) orbitals
of carbon atoms is almost unchanged after alkali adsorption (also sees the vanishing ∆ρ
between two carbons in Figs. 45(a)-45(f)). Apparently, these three orbitals do not take
78
part in the orbital hybridizations in A-C bonds. The nearest C-C bond lengths are slightly
lengthened, reflecting the minor modifications on the pi bondings.
The electronic structures are enriched by the alkali adsorption, especially for free elec-
trons in partially occupied conduction bands. The single-side adsorption on a 4× 4 cell
is chosen for a model study (Fig. 41(f)). All the alkali-adsorbed graphenes, as shown in
Figs. 42(b)-42(f), exhibit the alkali- and carbon-dominated energy bands, accompanied
with a modified Dirac-cone structure. The former appear as conduction bands, but not
valence bands. They have weak energy dispersions at lower concentrations. Furthermore,
among the alkali adatoms, the Li ones create the higher-energy conduction bands near
EF (Fig. 42(b)). The latter present the quasi-rigid red shift, compared with those of
pristine graphene (Fig. 42(a)). However, there are splitting energy bands near the M
point, as revealed in sliding bilayer graphene with the reduced rotation symmetry (Fig.
47). The higher-energy conduction Dirac cone becomes anisotropic and distorted in the
presence of band mixing with the alkali-dominated bands. Apparently, the Fermi level
is transferred from the Dirac point to the conduction-cone structure, indicating a lot of
adsorption-induced free electrons. The alkali adatoms induce the similar n-type doping
effects, as identified in alkali-doped graphites, [169, 411] carbon nanotubes, [170, 171] and
fullerenes. [173,174] The carbon-dominated conduction Dirac cone nearest to EF is occupied
by free electrons. They are almost the same for various alkali atoms at lower concentra-
tions. Whether the alkali-related conduction bands are occupied are mainly determined by
the free carrier density or the adatom concentration. Specifically, the codominant valence
bands of carbon and alkali atoms are absent, while they are created by the O-, H-, F- and
Al-absorbed systems. This means that the A-C bonds are relatively weak, compared with
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the other adatom-carbon bonds.
The alkali-adsorption modifications on electronic structures can be reached by tuning
the concentration and distribution of adatom, as clearly indicated in Figs. 43(a)-43(f).
For the stable Li-adsorbed systems, the highest concentrations, respectively, correspond
to 50% and 100% armchair configurations in the single- and double-side adsorptions. The
Dirac-cone structure appears near the K or Γ point, in which it presents the gapless or
separated Dirac points. The alkali-created energy spacing of Dirac points is about 0.1-0.4
eV (Figs. 43(b) and 43(d)). [177] This point has a red shift of∼ 1 eV at lower concentrations
(Figs. 43(b)-43(d)), while it becomes more than 2 eV at very high ones (Figs. 43(a) and
43(e)). In addition to anisotropy and distortion, the Dirac-cone structure near the Γ point
might exhibit an obvious splitting. Only the conduction Dirac cones are occupied by free
electrons when the adatom concentration is sufficiently low (Figs. 42(b) and 43(d)). One
and then two alkali-dominated parabolic conduction bands change into occupied ones with
the increasing concentration. Furthermore, they have more strong energy dispersions or
wider energy widths.
The alkali-induced free electrons appear between the Dirac point (the band-edge states)
and the Fermi-momentum states, in which the carrier density (σe) is the enclosed area in
the 2D wave-vector-space. They survive in carbon-related conduction cones and alkali-
dominated parabolic conduction bands at sufficiently high adatom concentrations. σe of the
former (the latter) can be directly evaluated from k2F/pi (k
2
F/2pi), when such energy bands
have the weakly anisotropic dispersions. The direction-dependent Fermi momenta in the
anisotropic conduction cones need to be taken into account, and their average value is used
to estimate the total σe. Another estimation method is to calculate the k-space area of the
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occupied conduction bands, while it is very cumbersome because of too much calculation
time. Some alkali-adsorbed systems, with the well-behaved energy dispersions, are chosen
to comprehend the specific relation between the 2D free electron density and the adtom
concentration. Two sets of estimated values are close to each other, as indicated in Table
5, e.g., σe ∼ 1.10-1.13 × 1014/cm2 in the 4× 4 case. The ratio of carrier density versus
concentration is almost equal to one. That is, each alkali adatom contributes the outmost
s-orbital state as free Fermions in the adsorbed system. This will be further examined
and identified by introducing 1D alkali-adsorbed graphene nanoribbons, since their free
carrier densities can be evaluated very accurately even in the presence of extra factors.
The detailed results are discussed in Chap. 7.2. Finally, one free electron contributed
by each alkali adatom is deduced to be independent of its kind and distribution, and
dimension. σe can reach 10
15/cm2 for alkali concentrations higher than 30%. This very
high 2D free electron density might be very useful in the great enhancement of electric
currents, so that the alkali-adsorbed graphenes could be utilized as potential nanoelectronic
devices [185, 186] and next-generation supercapacitors, such as the ultrafast rechargeable
metal-ion battery, [189,445] and the large reversible lithium storages. [423,446]
The significant orbital hybridization in A-C bond can create the variation of spatial
charge distribution. Apparently, the σ and pi bondings survive simultaneously in any
alkali-adsorbed graphene-related systems, as clearly illustrated in Figs. 45(a)-45(f). The
σ orbital hybridizations, with very high charge density between two carbon atoms, are
not affected by the alkali adsorptions, corresponding to the vanishing ∆ρ in Figs. 45(a)-
45(f). This accounts for the rigid red-shift of σ bands and the absence of valence bands
co-dominated by alkali and carbon atoms. On the other hand, the modifications on the pi
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bondings are observable through the charge variations between alkali and carbon atoms (the
heavy dashed rectangles), and they are easily observed at high concentrations (Figs. 44(c)
& 44(d)). These indicate that only a single s-2pz orbital hybridization exists in the A-C
bond. Moreover, the spatial charge distributions are almost identical in 2D and 1D systems.
Specially, the observable charge variation on x-y plane is revealed between two neighboring
alkali atoms under sufficiently high concentrations (inset of Fig. 44(c)), indicating the
existence of A-A bonds. In short, the critical orbital hybridization and free electrons
contributed by alkali are independent of distinct adatoms, distributions, concentrations,
dimensions and edge structures.
The s-2pz orbital hybridization in the A-C bond is responsible for the unusual structures
in DOSs. All the alkali-adsorbed graphenes, as clearly shown in Figs. 45(b)-45(h), present
an obvious dip below the Fermi level. This Dirac-cone-induced structure has a large red
shift at high concentrations, e.g., −2.2 eV and −3.4 eV for 50% and 100%, respectively
(Figs. 45(g) & 45(h)). There exist the splitting pi∗ and pi peaks. The alkali-created
structures are absent below the dip structure; that is, they do not mix with the pi- and
σ-dependent ones. At lower concentrations, a strong symmetric peak near EF , which comes
from a weak energy dispersion (Fig. 42), is merged with one of the pi∗ peaks (red curves
in Figs. 45(b)-45(e)). It changes into a largely extended structure at high concentrations,
in which its width is more than 3 eV (Figs. 45(f)-45(h)). Furthermore, its initial shoulder
is high and close to the dip structure. This further illustrates the significant s-s orbital
interactions in A-A bonds under dense alkali distributions. The orbital-projected DOSs
have demonstrated that the σ orbitals of carbon atom do not take part in the A-C bond.
The main features of energy bands could be verified by ARPES and STS measurements.
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The high-resolution ARPES observations on chemically doped graphenes of Li, [179, 180]
Na, [177] and K [87, 88] atoms have confirmed high density of free electrons in the linear
conduction band. These systems reveal a red shift of ∼ 1− 1.5 eV of the pi and pi∗ bands
at lower concentration, in good agreement with the present calculations. The further
ARPES measurements are required to identify the adatom-dependent energy bands, the
large red shift of Dirac point, the distortion and splitting of the Dirac-cone structure,
the splitting middle-energy bands near the M point, and the occupied alkali-dominated
conduction bands at sufficiently high concentration. These features could also be examined
by the STS measurements on the special structures of DOS, including the splitting pi and
pi∗ peaks, the dip structure below EF , and the alkali-induced extended structure.
7.2 Alkali-adsorbed graphene nanoribbons
The detailed first-principles calculations on the alkali-adsorbed graphene nanoribbons
are utilized to evaluate the free electron density exactly. They can provide the full infor-
mation about how much conduction charge contributed by each alkali adatom. Even if the
essential properties of the 1D systems are greatly diversified by the geometric structures, the
complicated relations among the A-C chemical bonding, the finite-width confinement, the
edge structure and the spin configuration will be demonstrated to hardly affect the carrier
density. That is to say, this density will be identified to be only proportional to the adatom
concentration by examining the various geometric structures and chemical adsorptions.
Two typical types of achiral graphene nanoribbons correspond to armchair and zigzag
systems, with the hexagons normally arranged along the edge structure. Their widths are,
respectively, characterized by the numbers of dimer and zigzag lines (NA and Nz) (Figs.
46(a) and 46(b)). The finite-size confinement directly induces a plenty of 1D energy bands,
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as shown in Fig. 47(a) for the NA = 12 armchair nanoribbon. This system has a direct
energy gap of Eg = 0.61 eV at the Γ point. In general, Eg declines quickly in the increment
of ribbon width. [378,379] The linearly intersecting bands at EF=0 are absent, being quite
different from those in armchair nanotubes (Fig. 11(a)). Energy bands present parabolic
dispersions except for few of them with partially flat dispersions within a certain range of
kx. They possess the band-edge states at kx =0 & 1, and the extra ones in between due
to the subband anti-crossings. The semiconductor-metal transition occurs after the alkali-
adatom adsorption on nanoribbon surface, as clearly revealed in Figs. 47(b)-47(d) for one
adatom per unit cell. The Fermi momentum is proportional to the linear free electron
density in each occupied conduction band by the relation λ = 2kF/pi . The alkali-adsorbed
systems exhibit the metallic band structures, in which the conduction bands are easily
modulated by adatoms (blue circles). The energy dispersions of valence bands are affected
by the adatom adsorption, while their number and the dominance of carbon atoms keep
unchanged. These arise from the complicated relations between the quantum confinement
and the orbital hybridizations in A-C bonds.
The main features of band structures strongly depend on the concentration, relative
position, single- or double-side adsorption, and edge structure. There are more occupied
conduction bands in the increase of concentration. Five conduction bands are occupied
under the single-side adsorption of two Li adatoms at the distinct edges, in which two low-
lying ones mainly come from adatoms (Fig. 47(e)). They are further changed by tuning the
relative position, e.g., four occupied conduction bands only with one Li-dominated band
for two neighboring adatoms ((3, 7)single in Fig. 47(f)). Concerning the variation from the
single- to double-side absorptions, the conduction bands near EF present an obvious change,
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e.g., those of (3, 7)double in Fig. 47(g). However, the total sum of the Fermi momenta is
hardly affected by the relative position and the single- or double-side adsorption, i.e., the
free carrier density is independent of the adatom distribution. The double-side adsorption
is relatively easy to create more high carrier density (Fig. 47(h)), being closely related to
the adatom concentration. Specifically, for the NA=12 armchair nanoribbon, the highest λ
corresponds to twenty adatoms in the double-side adsorption (Table 7).
The edge structure can diversify band structures and spin configurations. A pristine
zigzag system possesses the anti-ferromagnetic ordering across the nanoribbon and the fer-
romagnetic configuration at each edge, [378, 379] as clearly illustrated in Fig. 46(c) for
Nz=8. Each energy band is doubly degenerate in the spin degree of freedom (Fig. 47(i)),
independent of the spin-up- and spin-down-dominated configurations. A pair of valence
and conduction bands near EF (blue triangles), which is partially flat at kx <0.5, leads to
a direct gap, e.g., Eg=0.46 eV at kx=0.5. Energy gap is determined by the strong compe-
tition between spin arrangement and quantum confinement. The spatial wavefunctions are
localized at edge boundaries, i.e., their energy bands are mostly contributed from the edge
carbon atoms. The similar edge-localized states appear in alkali-adsorbed zigzag systems
(Figs. 47(j)-47(l)). On the other hand, band structures and spin configurations are dra-
matically changed by the distribution and concentration of adatom. The spin-degenerate
electronic states become split under one alkali adatom near zigzag edge (Fig. 47(j)). Two
edge-localized energy bands crossing EF have an obvious splitting of ∼ 0.7 eV, while an-
other two ones below EF only exhibit a weak splitting. The former and the latter are,
respectively, associated with edge carbon atoms away from and near adatoms. For the
spin-split energy bands, there are more free carriers in the spin-down conduction band (the
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red curve crossing EF ), corresponding to the ferromagnetic ordering at one edge without
adatoms (Fig. 46(d)). These clearly illustrate that spin configurations are seriously frus-
trated by the alkali-carbon interactions. The spin degeneracy and the anti-ferromagnetic
configuration are further recovered, when adatoms are situated at the ribbon center. A pair
of partial flat bands appears near EF , in which only the conduction band has free electrons
(Fig. 47(k)). Furthermore, the absence of spin distributions near adatoms, as shown in
Fig. 46(e), presents the magnetic suppression. According to the specific relation between
spin distribution and adatom position, the spin-dependent properties are deduced to be
absent for two adatoms at distinct edges, e.g., the spin-degenerate energy bands without
magnetism in Fig. 47(l). Specifically, two edge-localized energy bands are merged together
at Ev = −1.35 eV for kx <0.5. In addition, the typical magnetic momenta of the edge
carbon atoms are about 0.10-0.15 µB under the ferromagnetic ordering along the zigzag
edge. In short, three kinds of magnetic configurations in alkali-adsorbed zigzag systems,
the anti-ferromagnetic ordering across the ribbon, ferromagnetic ordering only along one
edge and non-magnetism, are mainly determined by the adatom positions. All the alkali-
adsorbed zigzag systems are 1D metals, accompanied with the diverse band structures. For
the second kind of spin configuration, the spin-split energy bands, with the different free
carrier densities, are expected to create the spin-polarized currents under the transport
measurements, indicating potential applications in spintronic devices.[refs]
By the detailed calculations and analyses, the total free electron density in conduction
bands below EF is linearly proportional to the adatom concentration. This is independent
of the adatom kind, relative position, single- or double-side adsorption, edge structure and
ribbon width, as clearly shown in Table 7. It directly reflects the fact that the orbital hy-
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bridizations in A-C bonds (or the pi bondings) almost keep the same under various adatom
adsorptions. Specifically, the alkali adatoms contribute the outmost s-orbital electrons as
free carriers in adsorbed systems. For NA=12 alkali-adsorbed systems, the free electron
density is λ ∼ 2.31× 107 e/cm for a single adatom in a unit cell, and it can reach λ ∼
4.64× 108 e/cm for the double-side adsorption of twenty adatoms. A simple linear relation
is also suitable for the highest adatom concentration. Apparently, the almost same spa-
tial charge distributions are revealed in alkali-adsorbed graphene and graphene nanoribbon
(Figs. 44(a)-44(f) and 44(g)-44(h)). One s-orbital from each alkali adatom in forming the
Fermi sea should be proper for alkali-adsorbed graphenes. That is, the 2D electron density
is deduced to be dominated by the adatom concentration, but not the distribution configu-
rations. On the other hand, the charge transfer between alkali and carbon atoms could also
be obtained from the Bader analysis. However, it is very sensitive to the changes in the
kind, position and concentration of adatom, clearly indicating that this analysis cannot be
utilized to evaluate the free carrier density in adatom-adsorbed systems. The free electron
density is greatly enhanced with the increasing adatom concentration, so that the electrical
conductance is expected to behave so. The alkali-adsorbed graphene nanoribbons might
be promising materials in nanoelectronic devices. [185,186]
The main features of special structures in DOS are drastically changed by the dimen-
sions, e.g., the important differences between 1D and 2D systems (Figs. 48 and 45). The
alkali-adsorbed graphene nanoribbons exhibit many asymmetric peaks and few symmetric
ones, as clearly shown in Figs. 48(a)-48(h). The former and the latter respectively, present
the square-root and delta-function-like divergent forms as a result of the parabolic and par-
tially flat energy dispersions. Their intensities are proportional to the inverse of curvature
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and the dispersionless kx-range. For a pristine armchair system, an energy gap, with zero
DOS, appears between one pair of opposite-side anti-symmetric peaks (Fig. 48(a)). Its
value keeps the same after alkali adsorption, but becomes an energy spacing of valence and
conduction bands. There are somewhat adsorption modifications on the carbon-dependent
peak structures (Figs. 48(b) and 48(a)). A red shift of DOS could be roughly observed from
the change of EF . Specifically, adatoms induce the pronounced asymmetric peaks near EF ,
owing to the alkali-dominated occupied or unoccupied conduction bands. The energy and
number of special structures rely on the distribution and concentration (Figs. 48(c) and
48(d)). Such peaks might merge with the carbon-dependent ones. The low-lying peaks
are further diversified by the distinct edge structures. The zigzag systems can present the
delta-function-like symmetric peaks due to the edge-localized energy bands, being sensitive
to the spin configurations. The anti-ferromagnetic, ferromagnetic and non-magnetic zigzag
systems, respectively, exhibit a pair of symmetric peaks (blue triangles in Figs. 48(e) and
48(g)), three peaks (Fig. 48(f)), and a merged peak (Fig. 48(h)). The intensity is reduced
in the spin-split energy bands (a pair of symmetric peaks across EF in Fig. 48(f)).
The experimental verifications on the unique electronic properties of the alkali-adsorbed
graphene nanoribbons are absent up to now. The ARPES measurements, as done for pris-
tine systems, [226, 227] could be utilized to examine the occupied valence and conduction
bands close to EF , such as the alkali-dominated conduction bands, the carbon-related con-
duction and valence bands, the distribution-, concentration- and edge-dependent bands,
and the spin degeneracy of partially flat edge-localized bands. They are very useful in
identifying the single s-2pz orbital hybridization in the A-C bond and the specific spin
configurations. These two critical pictures could also be identified from the STS measure-
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ments on the special peak structures, [235–237] e.g., the alkali-induced asymmetric peaks
near EF , many carbon-created asymmetric peaks in a whole energy range, and the low-lying
symmetric peaks of edge-localized bands with or without spin splitting.
8. Metallic adatom-doped systems
Each Al atom has three outer-orbital electrons and thus creates the diverse chemical
bondings. The Al-related graphene systems are one of the widely studied materials. The
high sensitivity of Al atoms is quite suitable for the energy and environment engineering.
Very importantly, Al atoms have been identified to play a critical role in the great en-
hancement of current density in an aluminium-ion battery, [189] where the predominant
AlCl−4 anions are intercalated and de-intercalated between graphite layers during charge
and discharge reactions, respectively. Also, an aluminum-ion battery composed of fluori-
nated natural graphite cathode is demonstrated to have very stable electrochemical behav-
ior. [445] As to the theoretical predictions, when a certain C atom on the hexagon lattice
of graphene is replaced by Al, this system could serve as a toxic gas sensor. [188,279] The
formaldehyde (H2CO) sensor is attributed to the ionic bonds associated with the charge
transfer and the covalent bonds due to the orbital overlaps. [279] Carbon monoxide can
be detected by the drastic change in the electrical conductivity before and after molecule
adsorption. [188] Also, the Al-subtituted systems are expected to be a potential hydrogen
storage material at room temperature, in which the functional capacity is largely enhanced
by the Al atoms. [187] The similar functionality is revealed in Al-adsorbed graphenes. [447]
The rich physical and chemical phenomena are closely related to various orbital interactions.
The multi-orbital hybridizations between Al adatoms and graphene deserves a thorough
investigation.
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The bismuth-related systems have been becoming one of the main-stream materials,
especially for the topological insulators. [448] Bulk bismuth, with rhombohedral symme-
try, is a well-known semimetal, being similar to ABC-stacked graphite. [449–451] Bismuth
is widely studied in the fields of environment, biochemistry and energy engineering. For
example, Bi-based nanoelectrode arrays can detect heavy metals, [452] polycrystalline bis-
muth oxide film serves as a biosensor, [453] and bismuth oxide on nickel foam covered with
thin carbon layers is an anode of lithium-ion battery. [454] Recently, bismuth-atom ad-
sorptions on monlayer graphene are clearly observed at room temperature. [190, 191] The
4H-SiC(0001) substrate, corrugated buffer layer, slightly deformed monolayer graphene and
temperature-dependent adatom configuration are identified from the STM measurements.
An increase in temperature, a hexagonal array of Bi adatoms is transformed into triangular
and rectangular nanoclusters. Furthermore, the STS measurements on the dI/dV spectrum
confirm the red shift of Dirac point, free conduction electrons, and Bi-induced structures.
These shed the light on controlling the nucleation of adatoms and subsequent growth of
nanostructures on graphene surface. The critical roles played by the configuration of Bi
adatoms, buffer layer, and substrate will be explored in detail. In addition, some theoret-
ical studies are focused on the geometric and electronic structures of Bi-substituted [455]
and (Bi,Sb)-intercalated graphenes. [456]
Three active electrons of (3s,3px,3py) in each Al adatom are predicted to present
the multi-orbital hybridizations after adsorption on graphene surface. The Al-adsorbed
graphenes possess the Al-C, C-C and Al-Al bonds. The first-principles calculations shows
that the critical interactions of 3s/(3px,3py) and 2pz orbitals will determine the optimal
adatom position, the n-type doping, the reformed pi and pi∗ bands, the adatom-dependent
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valence and conduction bands, and the extra special structures in DOS. Furthermore,
the important similarities and differences between the Al- and alkali-adsorbed graphenes
cover the red shift of Dirac cone, free electron density, and adatom-induced energy bands.
These mainly arise from the multi- or single-orbital hybridizations in adatom-C bonds.
The theoretical predictions could be examined by various experimental methods. As to
bismuth-adsorbed monolayer graphene, the strong effects of SiC substrate on the geomet-
ric and electronic properties are explored using the semi-empirical DFT-D2 correction of
Grimme. [195] The six-layered substrate, corrugated buffer layer, and slightly deformed
monolayer graphene are all simulated. Adatom arrangements are optimized through the
detailed analyses on the ground-state energies, bismuth binding energies, and Bi-Bi inter-
action energies of different heights, inter-adatom distances, adsorption sites, and hexagonal
positions. The Van der Waals interactions between buffer layer and monolayer graphene are
shown to dominate the most stable and meta-stable structures. Moreover, the Bi-induced
changes in DOS include a finite value at the Fermi level, a red shift of dip structure, and a
adatom-dependent peak at lower energy. The calculated results can account for the STM
and STS measurements. [190,191]
8.1 Al-adsorbed graphenes
The optimal Al adsorption position is the hollow site, [181, 447] regardless of concen-
tration and distribution. The highest Al-concentration in the single- and double-side ad-
sorptions corresponds to a 2× 2 unit cell without buckled structure (Fig. 49(a)). The
C-C bond length nearest to the adatom is expanded only within 1.6% for various concen-
trations and distributions, compared with that of pristine graphene (Table 8). The Al-C
bond length and adatom height are, respectively, in the ranges of 2.54-2.57 A˚ and 2.09-2.13
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A˚. Both Al and Na adatoms have the almost same geometric structure (Table 6). These
features clearly indicate the slight changes in the pi and σ bondings of carbon atoms (Fig.
51), as observed in alkali-adsorbed graphenes. The Al- and alkali-related graphenes are
expected to have certain similar properties.
The carbon-dominated energy bands are dramatically shifted by the Al-adatom absorp-
tion. The Dirac-cone structure, as indicated in Figs. 50(a)-50(f), is almost preserved in the
Al-absorbed graphene. However, it might have the slightly separated Dirac points, or the
splitting energy bands. This structure presents a quasi-rigid red shift; so that the Fermi
level is located at the conduction Dirac cone. The energy difference between the Dirac
point and the Fermi level grows with the increasing Al-concentration, indicating more elec-
trons transferred from adatoms to carbons. Such free carriers only occupy the conduction
bands arising from the C-2pz orbitals, being almost independent of the Al-dependent energy
bands (blue circles). In addition, part of them can survive in the higher conduction bands
at the highest concentration (Fig. 50(f)). The 3s and (3px,3py) orbitals of Al adatoms
can built the valence and conduction bands in the ranges of −4.2 eV≤ Ev ≤ −2.0 eV and
0≤ Ec ≤2 eV, respectively (details in DOS of Fig. 52(b)-52(f)). Their energy dispersions
become weak at low concentrations (≤5.6%; Figs. 50(c)-50(e)).
Both aluminum- and alkali-adsorbed systems exhibit the quasi-rigid red shift in the
Dirac cone and σ band. Specifically, the almost same conduction cone is revealed at
low concentration, as shown in Fig. 50(e) and Figs. 42(b)-42(f) under 3.1%. The free
carrier density in conduction cone, the wave-vector space enclosed by this cone, is identical
for these two systems. Al and alkali adatoms can create the same conduction electrons;
that is, each Al adatom provides one electron as conduction carrier. However, there exist
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certain important differences between them, especially for high adatom concentration. The
adatom-dependent valence bands are absent in alkali adsorption, since the outmost s-orbital
only forms the conduction bands. The highest adatom concentration is about 25% under
the double-side Al adsorption, while it can reach 100% in the alkali doping. The alkali-
doped graphenes can generate more high electron density, in which free carriers occupy the
carbon- and alkali-dominated conduction bands simultaneously.
The multi-orbital hybridizations of Al-adsorbed graphenes are directly revealed in the
spatial charge distributions. The pi and σ bondings of carbon atoms could survive under
various concentrations and distributions, as indicated in ρ of Figs. 51(a)-51(c). Their
slight variations are responsible for the quasi-rigid shifts of the Dirac cone and the σ band.
According to the variation of charge density (∆ρ in Figs. 51(d)-51(f)), the 3s-orbital
electrons present a redistribution between Al and the six nearest C atoms (dark blue;
triangle), revealing a significant hybridization of 3s and 2pz orbitals (grey rectangle; red
ring in the inset). The charge distribution of (3px,3py) orbitals extends from the light blue
ring near Al to the red ring between C and Al atoms. These orbitals make less contributions
to the Al-C bonds. Specifically, at higher concentration, there also exist observable charge
distributions on x-y plane between two neighboring Al atoms (blue region in the right-hand-
side plot of Fig. 51(d)). This presents the evidence for the 3s-3s and (3px,3py) interactions
in Al-Al bonds. The multi-orbital hybridizations of 3s and (3px,3py), respectively, lead to
the Al-dependent valence and conduction bands.
The multi-orbital hybridizations in C-C, Al-C and Al-Al bonds can diversify the special
structures in DOS. The 2pz- and (2px,2py)-dependent DOSs of carbon atoms are dramat-
ically changed by the Al adsorption, as clearly shown in Figs. 52(a)-52(f). The V-shape
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structure due to the Dirac cone (the red curve) and the σ-band shoulder structure (the
blue curve) present an obvious red shift, as measured from the Fermi level. The finite DOS
at EF principally comes from the pi
∗-electronic states, but not the Al-related conduction
ones. The prominent pi peak becomes several sub-peaks because of the zone-folding effect,
in which part of them are merged with the sharp peaks of the Al-3s orbitals (the green
curve). This further illustrates the significant hybridization of 3s and 2pz orbitals in Al-C
bonds, being associated with the Al-dependent valence bands. The pi∗ peak exhibits the
similar splitting, and the adsorption-induced subpeaks are distributed more close to EF .
Such structures might combine with two strong peaks arising from the Al-(3px,3py) orbitals
(the cyan curve). Electrons in these two orbitals are transferred from Al to C, and they
change into conduction carriers in Al-doped graphenes. The widths of the Al-dependent
energy bands are widened at higher concentrations (Figs. 52(f) and 52(b)), an evidence of
the Al-Al bonds.
The predicted geometric and electronic properties of Al-adsorbed graphenes are wor-
thy of further experimental examinations. STM and TEM are powerful tools to deter-
mine the optimal adsorption position and the Al-C bond length. Whether the highest
Al-concentration is about 25% could be examined from the TEM, AFM, XPS, and EDS
measurements, as done for the halogenated graphenes (Chap. 6). The ARPES measure-
ments are available in identifying the red shift of the Dirac cone and the σ band, and the
Al-dependent valence bands. The main features of DOSs, the slightly distorted V-shape
structure, the red shift of the Fermi level, the splitting pi and pi∗ peaks, the preserved σ
shoulder, and the adatom-created valence and conduction peaks, could be further verified
by STS. All the measurements are useful in comprehending the specific orbital hybridiza-
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tions and the doping effects. Specially, the Al-induced high free carrier density might have
high potentials for future technological applications, e.g., high-capacity batteries, [189,445]
and energy storage. [187,447]
8.2 Bi-adatom adsorption configurations on SiC-based graphene surface
The optimal Bi-adsorption configurations are strongly related to the substrate and
buffer layer. Specifically, the atomic structure of buffer layer could be an intriguing sub-
ject. The previous work [457] shows that the graphite-like layers are bonded to the surface of
SiC(0001). An important controversy lies in the STM image of 6×6 hexagonal reconstruc-
tion of the buffer layer, [458–460] being different from the (6
√
3×6√3)R30◦ reconstruction
revealed in LEED patterns. [458, 461, 462] This difference might arise from the various
substrates. In these reports, the geometric structure is determined from the evidences in
STM/LEED measurements and numerical calculations. Recently, based on the comparison
between experimental analyses [190, 191] and theoretical calculations, [463, 464] the exis-
tence of the long-range ripple structure related to the (4
√
3× 4√3)R30◦ reconstruction is
obtained. The in-plane lattice constants in this work are 3.06 A˚, 2.30 A˚, and 2.65 A˚ for
SiC, buffer layer, and graphene, respectively. They play a critical role in the optimal geo-
metric structures. The buffer layer is identified to be a rippled shape. This indicates that
the non-uniform Van der Walls interactions between buffer layer and monolayer graphene
might dominate the Bi adsorption sites and the adatom nano-strucutres (discussed in detail
later).
The six-layer Si-terminated 4H-SiC (0001) substrate is taken into account in order
to accurately simulate the Bi-adsorbed monolayer graphene. The optimized results show
that the four-layer substrate (region I in Fig. 53), being reduced from the six-layer one,
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presents the almost identical geometric properties. Second, a buffer layer is in a periodic
ripple shape after relaxation (region II of Fig. 53), clearly revealing the significant bond-
ing of carbon atoms at troughs with silicon ones. This periodic corrugation is consistent
with the STM measurements. [190] Third, the nearly flat monolayer graphene possesses a
slightly extended C-C bond length of 1.50 A˚, as shown in region III. The interlayer distance
between the monolayer graphene and the buffer layer changes from 3.21 A˚ to 5.45 A˚ at the
crests and troughs, respectively. This clearly illustrates that there exist the non-uniform
Van der Waals interactions between them, and thus dominates the distribution of the Bi
adatoms. Bismuth atoms can be adsorbed on monolayer graphene in self-consistent calcu-
lations (region IV in Fig. 53). Up to date, two kinds of adatom distributions have been
observed based on the different experimental environments, namely a uniform hexagonal
distribution and bismuthnanoclusters. [190, 191] They are examined to be dependent on
the adsorption energies.
The adsorption energy ∆E is very useful for understanding the optimized geometric
structure, characterizing the reduced energy due to the bismuth adatomsn on graphene. It
is defined as ∆E = Esys−ESiC−Ebuf−Egra, where Esys, ESiC , Ebuf , and Egra are the total
energies of the composite system, silicon carbide substrate, buffer layer, and pristine mono-
layer graphene, respectively. The bismuth atom on the hollow site of the carbon hexagon
has the highest adsorption energy (Table 9), leading to the less stable configuration. The
bridge and top sites have comparable adsorption energies in which the former possesses
the lower one. This suggests that bismuth atoms are most likely to be observed at the
bridge sites. Moreover, the optimal distance h between the adatoms and graphene surface
depends on absorption sites. The shorter distance at the bridge sites indicates the stronger
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interactions, being responsible for the structural stability. Importantly, the adatom height
of 2.32 A˚ is consistent with that of STM measurements. [190]
The distribution of bismuth atoms can be clearly explored by calculating the ground-
state energy. The ground-state energies for the bridge sites in different hexagons along
the periodic armchair direction are calculated, and they can provide the full information
needed to determine the most stable position in monolayer graphene, as shown in Fig.
54(a). These positions are further divided into the three regions, red, yellow, and gray
ones. The red hexagonal region is closest to the buffer layer with a distance of 3.21 A˚,
corresponding to the lowest ground-state energy. This energy is set to be zero in order
to compare it with the other bridge sites. The bridge sites between red and yellow sticks
have higher ground-state energies of about 17 − 23 meV (arrows in Fig. 54(b)). The
other parts associated with the gray hexagons possess comparable ground-state energies
to one another, exhibiting the highest energy difference in the range of 48-52 meV. This
illustrates that Bi adatoms are hardly transported from the red to the other regions at room
temperature. The Bi atoms are most stable at the red hexagonal rings, since they have the
strongest Van der Walls interactions with the crests of the buffer layer. The energy barrier
of ∼ 50 meV creates a potential well for the transportation of Bi adatoms; therefore, it will
play an important role in the dramatic change of adatom distribution during the variation
of temperature. The shortest, longest, and average distances between two Bi adatoms
are, respectively, 14.2 A˚, 18.1 A˚, and 15.9 A˚. The latter two are, respectively, indicated
by brown and black arrows between neighboring red regions. This means that the most
stable interatomic distance corresponds to the range of 14.2-18.1 A˚. The simulated pattern
deserves a closer examination with the STM measurements. [190, 191] The stable uniform
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distribution in room temperature should be very useful in the future applications in energy
engineering. [465]
There are metastable nano-structures observed by STM after the annealing treatment,
[191] including triangular and rectangular arrangements. These special configurations could
be understood by a look at the ground-state energies and Bi-Bi interaction energies of
optimized structures, as shown in Table 9. Various configurations of Bi nanoclusters are
taken into account for different adatom numbers (from 1 to 6 in Fig. 55(a)), such as the
internal structures and the adsorption positions associated with the rippled buffer layer.
The Bi adatoms are set at the bridge sites of a hexagonal ring to have stronger interactions
with graphene. The optimized distance between two isolated Bi atoms is about 2.88 A˚,
which means unstable nano-structures for the nearest two bridge sites. On the other hand,
the optimized adsorption positions for 2- and 3-adatom nanoclusters are the red hexagonal
ring (Fig. 54(b)), possessing lower total energies of 50 meV compared to those clusters
at the grey hexagonal ring (close to the trough of ripple). For the 4-, 5-, and 6-adatom
nanoclusters, some Bi adatoms are adsorbed at the second stable bridge site (between the
red and yellow carbons) in order to avoid the repulsive force between the nearest two Bi
adatoms. For various adatom numbers, the higher the number of adatoms is, the lower
the Esys. The stronger attractive Bi-Bi interactions, compared to the Bi-C bonds, are
responsible for this result. The latter, EBi−C = −1.01 eV, is obtained by subtracting
the Egra from that of single-Bi-adsorbed graphene. The reduced energy due to the Bi-Bi
interactions is evaluated from ∆EBi−Bi = (Esys − Egra − Ebuf − nEBi −
n∑
i=1
EBi−C)/n.
Among the various Bi-adatom numbers, ∆EBi−Bi’s in the 3-, 4-, 5-, and 6-adatom nan-
oclusters are much lower than that of the 2-adatom one. This indicates that the former
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four are metastable structures. The experimental measurements show that most of the
nanoclusters are composed of 3 and 4 adatoms. If the bismuth coverage is insufficient,
the 5- and 6-adatom nanoclusters are absent. A critical factor is that the bismuth atoms
from the large-scale hexagonal array need to overcome the energy barrier (∼ 50 meV in
Fig. 54(a)) in order to form these patterns. The temperature increase causes the trans-
portation of Bi adatoms between two neighboring unit cells (red hexagons in Fig. 54(b)),
where they have the same probability of moving toward or away from the hexagonal unit
cell. The hexagonal symmetry results in the 4-adatom-dominated nanoclusters. However,
the relatively few vacancies in the large-scale hexagonal array could create a non-uniform
transport environment and thus the 3-adatom nanoclusters. It should also be noted that
the nearest distance between two bismuth clusters is about 16 A˚, revealing the energetic
favorable adsorption sites of them situated at the red hexagonal rings in Fig. 54(b). This
further illustrates that the buffer layer plays an important role at various temperatures.
DOS, as shown in Fig. 55(b), directly reflects the primary electronic properties. For
a hexagonal array of Bi-adsorbed graphene, DOS is finite at E = 0; it possesses a dip
at low energy, and a peak structure at E ∼ −0.6 eV. The first feature means that there
exists a certain amount of free carriers. The second one at −0.2 eV is attributed to
the existence of Dirac-cone structure. The third one originates from the contribution of
bismuth adatoms. Such electronic properties are the critical characteristicsin identifying
the Bi-adatom adsorption. The STS measurements can provide an accurate and efficient
way to examine the theoretical predictions. The recent measurements [190, 191] show the
main features similar to those of the DFT calculations, covering a DOS at E = 0, a small
dip at low energy, and a peak at ∼ −0.7 V originating from the bismuth atoms. The
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above-mentioned comparison of electronic properties might promote potential applications
in electronic devices. [466]
9. Concluding Remarks
A systematic review has been made on the geometric and electronic properties of
graphene-related systems. The first-principles calculations are used to explore the rich
essential properties. Both structure-enriched and adatom-doped graphenes can exhibit the
semiconducting, semi-metallic and metallic behaviors. The dramatic transitions of elec-
tronic spectra are achieved by sliding, rippling and chemical adsorption. The responsible
mechanisms come from the sp2 and sp3 bondings in the angle-dependent C-C bonds, the
specific orbital hybridizations in adatom-adatom bonds, and the simple and complex or-
bital hybridizations in various C-adatom bonds. They dominate the optimal ripple, the
various adatom positions, and the stable adsorption distribution. The hexagonal symme-
try, rotational symmetry, inversion/mirror symmetry, layer number, boundary condition,
distribution and concentration of adatoms, Van der Waals interactions, and spin configu-
ration are taken into consideration. The physical and chemical pictures are very useful in
discussing materials science and applications. The calculated results are consistent with
those from other theoretical calculations and validated by the experimental measurements,
while most of predictions require further experimental verifications. The theoretical frame-
work could promote the future studies on other 2D materials. Specifically, by the detailed
analyses on the first-principles calculations, the critical orbital hybridizations in various
chemical bonds are obtained from the atom-dominated energy bands, the spatial charge
distributions, and the orbital-projected DOSs. The current analysis method could be fur-
ther developed and generalized to the chemically doped materials.
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The layered graphenes are formed by the intralayer σ and pi bondings, and the inter-
layer Van der Waals interactions. The intralayer and interlayer atomic interactions of 2pz
orbitals are responsible for the rich electronic properties. There are five kinds of energy
dispersions, depending on the stacking configuration and layer number. The trilayer AAA-
, ABA-, ABC- and AAB-stacked graphene, respectively, present the unique low-energy
spectra: (1) three vertical cones with separated Dirac points, the overlap of monolayer
structure, (2) a slightly separated Dirac-cone structure and two pairs of parabolic bands,
a superposition of monolayer- and bilayer-like energy bands, (3) the partially flat (surface-
localized), sombrero-shaped and linear bands and (4) the oscillatory, sombrero-shaped and
parabolic bands. Also, the middle-energy pi and pi∗ bands have the specific saddle points.
The critical points in the energy-wave-vector space induce many van Hove singularities,
including the V-shaped form, the shoulder structures, the delta-function-like peaks, the
1D-like asymmetric peaks, and the logarithmically divergent peaks. Only the AAB stack-
ing is a narrow-gap semiconductor, and others are semimetals. This lower-symmetry system
has more complicated interlayer atomic interactions, as seen from the tight-binding model
calculations. [67, 71] In addition, the σ and σ∗ bands are almost independent of stack-
ing symmetry. The stacking-created differences further diversify other physical properties,
e.g., magnetic properties, [29,67,222–225] optical spectra, [29,71,72,221,467–470] Coulomb
excitations, [30,471,472] and transport properties. [473–475]
The dramatic transition of distinct band structures occurs during the transformation
of stacking configuration or the change of geometric curvature. For the sliding bilayer
graphene with AA→ AB → AA′ → AA, the electronic properties are mainly determined
by the various interlayer atomic interactions of 2pz orbitals. Two pairs of vertical Dirac
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cones, parabolic bands, and non-vertical Dirac cones are transformed into each other, ac-
companied by the creation of an arc-shaped stateless region, distorted energy dispersions,
extra low-energy critical points, separation of cone structures, and splitting of M- and M′-
related states. The rotational symmetry is reduced, while the inversion symmetry keeps
the same. There are more special structures in the low- and middle-energy DOS. All the
stacking systems belong to gapless semimetals, and the K and K′ valleys are doubly degen-
erate. Also, it is expected to induce the unusual magnetic quantization and optical selection
rule. [102] On the other hand, the curvature effects in rippled graphenes account for the
rich essential properties. The charge distributions, bond lengths, energy bands, and DOS
are sensitive to the structure, curvature and period of ripple. The misorientation of 2pz
orbitals and hybridization of (2s, 2px, 2py, 2pz) orbitals on a curved surface grow with the
increasing curvature. Both 2pz and 2px orbitals could make comparable contributions to
the low- and middle-energy states, and four orbitals dominate the deep-energy states. All
the armchair ripples present the gapless Dirac cones with a curvature-dependent red shift
in the Fermi-momentum state. Armchair ripples and nanotubes, respectively, belong to
2D semiconductors and 1D conductors. However, zigzag ripples exhibit the semiconductor-
semimetal transition, in which there exist the distorted Dirac cones and the extra van
Hove singularities. Furthermore, the strong curvature effects can create the metallic or
narrow-gap zigzag nanotubes, depending on radii. For any graphene ripples, a plenty of
middle-energy van Hove singularities mainly come from the effects of curvature and split-
ting.
For graphene oxides, the competition or cooperation among the critical chemical bond-
ings in C-C, O-O and C-O bonds leads to the diversified properties. The various orbital
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hybridizations are identified from the atom-related energy bands, the spatial charge density,
and the orbital-projected DOS. They create the feature-rich electronic structures, with the
O-, (C,O)- and C-dominated energy bands at the different energy ranges, destruction or
distortion of the Dirac cone, opening of a band gap, anisotropic energy dispersions, and
many extra critical points. Moreover, five types of pi bondings, which are responsible for
the magnitude of energy gap, are clearly evidenced in the band-decomposed charge density
during the decrease of O-concentration. The bonding of carbon 2pz orbitals presents the
full termination, the partial suppression, the 1D extension, the distorted 2D form, or the
well-behaved planar form. The first two types induce larger gaps at higher concentration,
the last two types generate zero gaps at lower concentrations, and the third type relates to
small or vanishing gaps at intermediate concentration. For example, monolayer graphene
oxide possesses the finite and zero gaps, corresponding to the O-concentrations of > 25%
and < 3% in the single-side adsorption, respectively. The above-mentioned electronic prop-
erties could be observed in any layered graphene oxides, even if the essential properties
strongly depend on the concentration, distribution, single- or double-side adsorption, layer
number and stacking configuration. For the single- and double-side adsorptions, the bilayer
(trilayer) graphene oxides could be, respectively, regarded as the superposition of mono-
layer (bilayer) graphene and monolayer graphene oxide, and two monolayer graphene oxides
(two monolayer graphene oxides and monolayer graphene). The layered graphene oxides are
semiconductors (semimetals) in the absence (presence) of non-passivated graphenes. Ap-
parently, the multi-orbital hybridizations lead to more atom- and orbital-dependent special
structures in DOS. As to the optimal position, O adatoms are situated at the bridge site,
being in sharp contrast with the top site for H- and halogen-doped systems, and the hollow
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site for alkali-, Al- and Bi-doped ones.
The strong bondings between hydrogen and carbon atoms can largely enrich the funda-
mental chemical and physical properties. The geometric, electronic and magnetic properties
are closely related to the complicated hybridizations of 1s and (2pz,2px,2py,2s) orbitals. The
buckling structure due to the top-site H-adsorption is directly evidenced from the H-C-C
functional groups. The (H-C,C-C) lengths, H-C-C angles and heights of passivated car-
bons are sensitive to concentration and distributions, as revealed in single- and double-side
adsorptions. Graphane has the shortest H-C bonds, the longest C-C bonds and the lowest
height. The dramatic change from the sp2 to sp3s bondings clearly indicates that the seri-
ous orbital hybridizations, the strong σ bondings and the weak pi bondings greatly diversify
band structures. The pi bands are absent under the full hydrogenation, so that energy gap
of graphane is determined by the σ and pi∗ bands. Hydrogenated graphenes might exhibit
the recovered Dirac-cone structure and pi bands, the pairs of weakly dispersive bands across
EF dominated by the second- and fourth-nearest C atoms, and the (C,H)-co-dominated
bands at deeper energies. There exist the middle-, narrow- and zero-gap systems with the
non-monotonous dependence on adatom concentration. Specifically, for the passivation of
the same sublattice, the spin-split energy bands across EF appear and become pairs of
valence and conduction bands, leading to the ferromagnectic semiconductors. The spatial
spin density can create the magnetic moment of ∼ 1− 4µB, being proportional to the
adatom number in a unit cell. Concerning DOS, graphane only exhibits two threshold
shoulder structures related to energy gap, while the other hydrogenated systems possess
two group of peaks structures centered at EF . The curvature effects on the extra orbital
hybridizations are revealed in DOS as a lot of merged structures at E ≤ −3 eV; that is,
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the special structures associated with the five orbitals come to exist together. The de-
crease of H-concentration results in more low-lying special structures arising from the pi-
and pi∗-electronic states.
Halogenated graphenes, with the top-side adatom adsorption, exhibit the diverse and
unique chemical bondings, especially for the great differences between fluorination and
other halogenations. There are X-X, X-C and C-C bonds, in which the former is presented
at higher concentrations. (2px,2py,2pz) orbitals of F and C have very strong hybridizations
among one another. This leads to the buckled structure, the destruction or distortion of
Dirac cone, and the absence of energy bands formed by F-2pz orbitals. (2px,2py) orbitals
of F adatoms can built energy bands, combined with those of C atoms by the F-C bonds.
As to low fluorination, they become narrow (F,C)-co-dominated bands at middle energy.
Moreover, fluorinated graphenes are metals or semiconductors, sensitive to concentrations
and distributions. On the other hand, only the significant interactions of pz orbitals exist in
other X-C bonds, and the σ bonding of graphene is unchanged under these halogenations.
Electronic structures mainly consists of the carbon- and adatom-dependent energy bands;
mixings between them are weak. The σ bands almost keep the same, and the Dirac cone
is slightly distorted. The other halogenated graphenes belong to metals. (px,py) and pz
orbitals of halogen adatoms, respectively, create the distinct energy bands. They have
the weakly energy dispersions at low concentrations, and make much contribution to DOS
near the Fermi level. The unusual hybridization-induced features are clearly evidenced in
many special structures of DOSs. Both halogenated and hydrogenated graphenes might
present the ferromagnetic spin configurations, while they are metals and semiconductors,
respectively. Moreover, the carbon- and adatom-dominated magnetisms are, respectively,
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revealed in the fluorinated and other halogenated systems.
The outermost s orbitals of alkali atoms only have a single s-2pz hybridization in bonding
with carbon, so that the adatom-adsorbed graphenes exhibit the unique essential proper-
ties. The hollow-site optimal positions lead to the absence of buckled structure, being
rather different from the top- and bridge-site ones. The Dirac-cone structure, with a slight
distortion or separated Dirac points, has a red shift. This strongly depends on the adatom
concentration, but not the kind and distribution of alkali adatom. Only few conduction
bands belong to the alkali-dominated ones, while most of energy bands originate from car-
bon atoms. The former present the weak dispersions at low concentrations. However, part
of them, with observable energy widths, become occupied under the sufficiently high alkali
concentrations. This indicates the existence of s-s orbital hybridizations in A-A bonds.
The (alkali,C)-co-dominated energy bands are almost absent, while the (adatom,C)-related
ones are revealed in O-, H-, F- and Al-adsorbed systems. Whether such energy bands
could survive is determined by the hybridization strength of adatom-C bond. The alkali
adsorption can create a lot of free electrons in conduction Dirac cone and even the occupied
alkali-dominated bands. The metallic behavior is directly reflected in the high DOS near
EF , accompanied with the alkai-induced special structures. The above-mentioned A-C and
A-A bonds, C- and alkali-dominated energy bands, and free carriers are also observed the
alkali-adsorbed graphene nanoribbons. The free carrier density in such systems could be
evaluated exactly. It is deduced that any alkali adatoms contribute one s-orbital electron
to become free carriers in graphene-based systems, regardless of the kind, distribution, and
concentration.
The aluminum-adsorbed graphenes present the multi-orbital interactions in chemical
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bonds and thus the feature-rich essential properties. The highest Al-concentration is about
25% under the double-side adsorption, much lower than 100% in O-, H-, halogen- and alkali-
adsorbed graphenes. The pi and σ bondings of carbon atoms are slightly changed after the
hollow-site adsorption. The significant hybridizations of (3s,3px,3py) and 2pz orbitals in
the Al-C bonds can create the red shift of carbon-dominated energy bands, the charge
transfer from adatoms to carbons, the greatly enhanced DOS near EF , and the Al-related
energy bands. Furthermore, the multi-orbital hybridizations of (3s,3ox,3py) exist in Al-Al
bonds at higher concentrations. The Al-induced high free carrier density is comparable
with that of the alkali dopings. Such electrons only occupy the conduction Dirac cone of
C-2pz orbitals. Specifically, 3s and (3px,3py) orbitals of Al adatoms, respectively, built
valence and conduction bands, combined with the pi and pi∗ bands of C atoms. This results
in many extra structures in DOS. The adatom-dependent valence bands are absent in alkali-
adsorbed systems. As for Bi-adsorbed graphenes, the geometric and electronic structures
are enriched by the substrate, rippled buffer layer, Van der Waals interactions, and Bi-Bi
and Bi-C bonds. The optimized structure, with an inter-adatom distance of ∼14-17 A˚,
presents a large-scale hexagonal array. The energy barrier for the formation of the meta-
stable triangular and rectangular Bi-nanoclusters is about 50 meV. Furthermore, DOS
exhibits a finite value at the Fermi level, a dip structure at E ∼ −0.2 eV, and a prominent
peak at E ∼ −0.6 eV, corresponding to the free conduction electrons, the shifted Dirac
cone, and the Bi-dependent electronic states, respectively.
The experimental measurements are consistent with part of theoretical predictions.
Adatom concentrations are estimated from various experimental methods, especially for O,
[330,333] H, [391] F, [394,402] and Cl. [166,405] The STM measurements on geometric struc-
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tures have confirmed the interlayer distance of AA and AB stackings, [50, 55] the bridge,
top and hollow sites, respectively, corresponding to the (oxygen,bismuth), [190, 191, 333]
(hydrogen,fluorine) [138] and alkali adsorptions, [179] and the hexagonal array and the
metastable nanoclusters of Bi adatoms on monolayer graphene/buffer layer/SiC. [190,191]
Further examinations are required for the C-C bond lengths, the O-, H-, alkali-, halogen-
and Al-C bond lengths, the curvatures of rippled graphenes, and the buckled structures of
hydrogenated and fluorinated graphenes. The verifications for band structures cover the
linear and parabolic bands of tri-layer ABA stacking, [52, 53] the partially flat, sombrero-
shaped and linear bands of tri-layer ABC stacking, [52] the concentration-dependent energy
gap and destruction of Dirac cone in graphene oxides, [123] and the red-shift cone structure
in fluorinated [156] and alkali-adsorbed systems. [87,88,177] The similar ARPES measure-
ments could be done for AAA- and AAB-stacked graphenes, rippled graphenes, H-, halogen-
, Al-, and Bi-adsorbed graphenes. Furthermore, the spin-resolved STS measurements are
available in identifying whether hydrogenated and halogenated graphenes, respectively, ex-
hibit the spin-split energy bands as the semiconducting and metallic characteristics. As
to the main features of DOS, the STS identifications include a prominent peak at EF due
to partial flat bands of tri-layer ABC stacking, [94] a dip structure at EF surrounded by
a pair of asymmetric peaks in tri-layer AAB stacking, [94] a V-shaped spectrum and low-
energy peaks, respectively, for the low- and high-curvature zigzag graphene ripples, [99]
the oxidation- and hydrogenation-induced energy gaps, [124, 136, 137] the alkali- and Bi-
enhanced finite value at EF ,[Rs] [191] and the Bi-dominated structure below EF . [191] The
other special structures, which are revealed in tri-layer AAA and ABA stackings, armchair
graphene ripples, and O-, H-, halogen-, alkali-, and Al-adsorbed graphenes, are worthy of
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detailed examinations, especially for the adatom- and (adatom,carbon)-dominated struc-
tures. Moreover, the spin-polarized STS measurements on the low-lying prominent struc-
tures can directly verify the spin splitting in hydrogenated and halogenated graphenes. In
addition, experimental measurements of optical spectra and electrical resistances are also
utilized to investigate the adatom-induced semiconducting and metallic behaviors, e.g.,
those for graphene oxides, [302,348] and fluorinated graphenes. [144,152,153]
The above-mentioned theoretical and experimental results demonstrate that the essen-
tial properties of layered graphenes are dramatically changed by the various geometric struc-
tures and the chemical adatom adsorptions. The structure-enriched and adatom-adsorbed
graphenes are expected to be promising materials in functionalized nanodevices. Rippled
graphenes might be suitable for the applications of chemical gas sensor, [188, 279, 443]
hydrogen storage [280–282] and electronic device, [278] owing to an active chemical envi-
ronment on a curved surface. Graphene oxides exhibit the wide-range variation among the
large-gap insulators, narrow-gap semiconductors and semimetals, so that they have high
potentials in FETs, [352–354] electrical sensors, [356–358] transparent conductors, [359,360]
and optoelectronic devices. [361–364] The tunable electronic properties, with magnetic con-
figurations, are observed in hydrogenated and halogenated graphenes, clearly indicating
the potential importance in transistors, [365] superconductors, [366, 367] lithium-related
batteries, [157] supercapacitors, [158] biological scaffold materials, [159] printing technolo-
gies, [160] molecule detectors, [161] biosensors, [162] and FETs. [408] On the other hand,
the alkali- and Al-adsorbed graphenes can create very large free electron density, being
useful in developing the next-generation high-capacity batteries [189,445] and energy stor-
age. [187,447]
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The current review work could be further generalized to the layered condensed-matter
systems, with the nano-scaled thickness, the special lattice symmetries, and the distinct
stacking configurations. In addition to graphene, the emergent 2D materials include sil-
icene, [476,477] germanene, [478,479] stanene, [480] phosphorene, [481,482] MoS2 [483,484]
and so on. They are very suitable for studying the novel physical, chemical and mate-
rial phenomena and have shown very high potentials in near-future technological applica-
tions. [476, 481, 482] Such systems possess the rich intrinsic properties in terms of lattice
symmetries, planar or buckling structures, intra- and inter-layer atomic interactions, multi-
orbital chemical bondings, different site energies, and spin configurations (or spin-orbital in-
teractions). Apparently, the composite interactions can create the critical Hamiltonians and
thus the unique phenomena. [485,486] This work shows that the first-principles calculations,
combined with the important orbital hybridizations in atom-atom bonds and the specific
spin arrangements, are reliable in comprehending the orbital- and spin-dominated essential
properties. For example, energy gaps, electronic structures and DOSs are determined by
which kinds of atomic orbitals and spin states. The fundamental properties of 2D materi-
als could be significantly altered and controlled through the adatom/molecule adsorptions
and dopings, such as the successful synthesis of hydrogenated silicene [487] and silicene ox-
ide. [488, 489] Also, there are some first-principles researches on adatom-adsorbed layered
systems, e.g., electronic properties of hydrogenated silicene and germanene. [490–493] The
rich and diverse phenomena will be revealed under the various chemical processes and the
external electric and magnetic fields. [29] The cooperative or competitive relations among
the geometric symmetries, the multi-orbital atomic interactions, the spin-orbital couplings
and the external fields deserve a thorough and systematic investigation.
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Table 1: The optimized C-O bond lengths, C-C bond lengths, binding energy (Eb) and
energy gap (Eg) for various concentrations of single-side adsorbed GOs. The electronic
structures of concentrations labeled with * will be illustrated in detail.
Fig. Atoms O:C (%) C-O bond C-C bond Eb Eg
length (A˚) length (A˚) (eV) (eV)
(a) 1:2 (50)∗ 1.43 1.53 -4.4651 3.54
(b) 3:6 (50)∗ 1.41 1.55 -4.0943 2.83
(c) 7:14 (50)∗ 1.42 1.54 -4.2957 3.92
(b) 1,2 2:6 (33.3)∗ 1.45 1.48 -3.7433 2.53
(b) 1,3 2:6 (33.3) 1.45 1.48 -3.5751 1.28
(e) 1,2 5:18 (27.8) 1.45 1.47 -4.0788 1.26
(d) 1,2 2:8 (25)∗ 1.46 1.46 -3.6509 0.63
(e) 2 4:18 (22.2)∗ 1.46 1.45 -4.0989 0
(b) 1 1:6 (16.7) 1.46 1.44 -3.8586 0.09
(d) 1 1:8 (12.5) 1.46 1.44 -3.9487 0
(g) 1,2 5:50 (10) 1.46 1.44 -3.9576 0.21
(e) 1 1:18 (5.6)∗ 1.46 1.44 -3.9589 0.14
(f) 1 1:24 (4.2)∗ 1.47 1.43 -3.9636 0.07
(h) 1,2 3:98 (3)∗ 1.47 1.42 -3.9245 0
(g) 1 1:50 (2) 1.47 1.42 -3.9187 0
(h) 1 1:98 (1)∗ 1.47 1.42 -3.8918 0
Table 2: The calculated binding energy (Eb) and energy gap (Eg) of double-side adsorbed
GOs with various O-concentrations.
O Concentration Eb (eV) Eg (eV)
50% (both-side, zigzag) -4.8622 3.14
33.3% (both-side, armchair) -4.6682 1.98
25% (both-side, zigzag) -4.5079 0.17
11.1% (both-side, zigzag) -4.4813 0.42
4% (both-side, zigzag) -4.4650 0.66
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Table 3: The calculated C-C and C-H bond lengths, H-C-C angle, height (shift on z-axis)
of passivated C, binding energy, energy gap, and total magnetic moments per unit cell for
various H-coverages of sigle-side adsorption. The electronic structures of concentrations
labeled with * have spin polarizations.
Type H:C % 1st C-C 2nd C-C C-H H-C-C Height Eb Eg Mtot
(A˚) (A˚) (A˚) angle (o) (A˚) (eV) (eV) (µB)
Zigzag 4:8 50∗ 1.5 1.16 103.26 0.34 -2.1 0.5 2
2:8 25∗ 1.49 1.39 1.14 103.95 0.37 -2.27 0.86 1
2:8 25 1.49 1.39 1.12 104.69 0.38 -3.14 3.56 0
1:8 12.5∗ 1.48 1.4 1.13 103.55 0.35 -2.66 0.42 0.5
2:18 11.1∗ 1.48 1.41 1.13 104.29 0.36 -2.63 0.2 1
2:18 11.1 1.48 1.39 1.13 103.42 0.34 -2.9 0.24 0
2:32 6.3 1.46 1.35 1.12 107.57 0.37 -2.45 0.38 0
Armchair 2:6 33.3∗ 1.47 1.4 1.14 104.41 0.37 -2.17 0.9 1
1:6 16.7∗ 1.48 1.4 1.13 104 0.36 -2.33 0.24 0.5
2:24 8.3 1.48 1.4 1.12 104.4 0.34 -2.81 0.01 0
Chiral 1:14 7.1∗ 1.48 1.4 1.13 103.95 0.36 -2.6 0.32 0.5
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Table 4: The calculated C-C and C-H bond lengths, H-C-C angles, heights (shift on z-axis)
of passivated carbons, binding energy, energy gaps, and total magnetic moments per unit
cell for various H-concentrations of double-side adsorption. ∗ represents the spin-polarized
system.
Type H:C % 1st C-C 2nd C-C C-H H-C-C Height Eb Eg Mtot
(A˚) (A˚) (A˚) angle (o) (A˚) (eV) (eV) (µB)
Zigzag 2:2 100 1.53 1.12 107.1 0.22 -3.24 3.57 0
2:8 25 1.5 1.39 1.12 101 0.3 -3.57 2.5 0
2:18 11.1∗ 1.5 1.43 1.13 102.6 0.3 -2.95 0.11 1
2:32 6.3 1.49 1.39 1.13 104.2 0.57 -3.37 0.25 0
2:50 4 1.49 1.4 1.13 102.8 0.47 -3.35 0.75 0
2:98 2 1.49 1.4 1.13 103.1 0.56 -3.49 0.2 0
Armchair 2:6 33.3 1.47 1.4 1.15 100.5 0.27 -2.32 0 0
2:24 8.3∗ 1.49 1.4 1.13 103.5 0.28 -2.67 0.96 1
Chiral 2:14 14.3 1.5 1.43 1.12 104.6 0.46 -3.36 0.05 0
2:126 1.6 1.48 1.4 1.13 101.5 0.49 -3.46 0 0
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Table 5: The calculated C-C and C-X bond lengths, heights (shift on z-axis) of passivated
carbons, binding energies, energy gaps, and total magnetic moments per unit cell of halogen-
absorbed graphene systems. The double-side structures are labeled with *. 4 represents
the very strong Cl-C bonding.
Adatom X:C % Bond length Height Eb Eg Mtot
C-X (A˚) 1st C-C (A˚) 2nd C-C (A˚) (A˚) (eV) (eV) (µB)
F 8:8∗ 100 1.38 1.58 0.48 -3.00 3.12 0
4:8∗ 50 1.48 1.51 0.38 -2.71 2.77 0
4:8 50 1.48 1.5 0.28 -1.16 0 1.94
2:8 25 1.54 1.48 1.43 0.34 -2.94 2.94 0
1:6 16.7 1.53 1.48 1.42 0.32 -2.45 0 0.22
1:18 5.6 1.56 1.48 1.42 0.32 -2.93 0 0
1:32 3.1 1.57 1.45 1.42 0.32 -2.04 0 0
Cl 8:8∗ (4) 100 1.74 1.76 0.51 -0.62 1.41 0
8:8∗ 100 3.56 1.48 0 -0.84 0 0
4:8∗ 50 3.5 1.46 0 -1.11 0 0
2:8 25 3.2 1.44 1.44 0 -1.65 0 0
1:6 16.7 3.2 1.44 1.44 0 -1.16 0 0.56
1:8 12.5 3 1.44 1.43 0 -1.64 0 0.57
1:32 3.1 2.96 1.42 1.42 0 -0.97 0 0.36
Br 8:8∗ 100 3.56 1.56 0 -0.48 0 0
2:8 25 3.59 1.43 1.43 0 -1.91 0 0
1:8 12.5 3.56 1.43 1.43 0 -1.43 0 0.48
1:32 3.1 3.23 1.42 1.42 0 -0.71 0 0.41
I 1:32 3.1 3.59 1.42 1.42 0 -0.48 0 0.44
At 1:32 3.1 3.72 1.42 1.42 0 -0.36 0 0.5
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Table 6: Akali-absorbed graphene systems
configuration nearest C-C bond length height Eb (eV) σe (10
14 e/cm2)
(A˚) A-C (A˚) (A˚)
3:6single (A); Li 1.460 2.347 1.838 -1.710 15.45
1:6single (A) 1.430 2.350 1.865 -1.733 5.52
1:8single (Z) 1.435 2.329 1.834 -1.602 3.78
1:18single (Z) 1.427 2.254 1.744 -1.706 2.24
1:24single (A) 1.439 2.270 1.756 -1.890 1.83
1:32single (Z) 1.439 2.279 1.767 -1.936 1.10
1:32single (Z); K 1.437 3.086 2.749 -1.735 1.13
1:32single (Z); Cs 1.436 3.357 3.041 -0.831 1.11
6:6double (A); Li 1.480 2.373 1.855 -1.745
2:6double (A) 1.442 2.341 1.844 -1.723
2:8double (Z) 1.447 2.321 1.815 -1.610
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Table 7: Free electron densities for various numbers and positions of adatoms in NA = 12
and Nz = 8 alkali-adsorbed graphene nanoribbons
graphene configurations λ (107 e/cm) λ /adatom Bader charge
nanoribbon concentration (e) transfer (e)
(1)single; Li 2.31 0.995 0.75
(1)single; K 2.31 0.995 0.45
(1)single; Cs 2.31 0.995 0.54
(3,7)single; Li 4.67 1.008 0.69
(3,7)double 4.62 0.989 0.75
Armchair (1,10)single 4.68 1.008 0.74
NA= 12 (1,10)double 4.67 1.008 0.74
(1,4,7,10)double 9.24 0.994 0.71
(1,2,5,6,9,10)double 13.96 1.007 0.70
(1,3,5,7,9,2,4,6,8,10)double 23.03 0.988 0.68
(1→10,1→10)double 46.36 0.995 0.68
(1)single 2.02 1.001 0.88
Zigzag (7)single 2.03 1.009 0.89
NZ= 8 (1,13)single 4.10 1.015 0.88
(1,13)double 4.02 1.001 0.88
(1,7,13)single 6.13 1.011 0.87
(1,7,13)double 6.08 1.002 0.88
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Table 8: Bond lengths and heights for various Al-adsorbed graphenes.
Bond length (A˚)
Unit cell Nearest Next nea- Al-C Lattice Al
C-C rest C-C expansion height(A˚)
2× 2 1.441 1.431 2.544 1.63 % 2.097
3× 3 1.440 1.431 2.538 1.36 % 2.090
2
√
3× 2√3 1.428 1.440 2.543 1.17 % 2.096
4× 4 1.436 1.428 2.544 1.12 % 2.110
5× 5 1.419 1.413 2.571 1.06 % 2.128
3
√
3× 3√3 1.428 1.438 2.563 1.02 % 2.110
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Table 9: Adsorption energies and heights for various atomic sites. Total energies and Bi-Bi
interaction energies for various Bi-nanoclusters.
site ∆E (eV) h (A˚)
hollow 1.6452 2.51
bridge 1.9663 2.32
top 1.9162 2.34
# Bi atoms ETotal (eV) ∆EBi−Bi (eV)
1 -2317.86 x
2 -2322.14 -1.13
3 -2326.77 -1.62
4 -2330.60 -1.67
5 -2334.19 -1.65
6 -2337.86 -1.65
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FIGURE CAPTIONS
Figure 1: Geometric structures of tri-layer graphenes: (a) AAA stacking, (b) ABA stacking,
(c) ABC stacking, and (d) AAB stacking.
Figure 2: 2D band structures for (a) AAA stacking, (b) ABA stacking, (c) ABC stacking, and
(d) AAB stacking.
Figure 3: Low-lying 3D band structures around the K point for (a) AAA stacking, (b) ABA
stacking, (c) ABC stacking, and (d) AAB stacking.
Figure 4: DOSs for various tri-layer graphenes: (a) AAA stacking, (b) ABA stacking, (c) ABC
stacking, and (d) AAB stacking.
Figure 5: (a) Geometric structure of bilayer graphene shifting along the armchair and zigzag
directions. (b) The shift-dependent total ground state energy and interlayer distance
(the dashed blue and red dots), as measured from those of the AA stacking.
Figure 6: Low-energy band structures around the K point (heavy dashed circles) for various
stacking configurations along armchair (δa) and zigzag (δz) directions: (a) δa =0, (b)
δa =1/8, (c) δa =4/8, (d) δa =1, (e) δa =11/8, (f) δa =12/8, (g) δz =1/8; (h) δz =3/8.
Figure 7: 2D band structures along the high-symmetry points for various stacking configura-
tions: (a) δa =0, (b) δa =1/8, (c) δa =4/8, (d) δa =1, (e) δa =11/8, (f) δa =12/8, (g)
δz =1/8; (h) δz =3/8.
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Figure 8: DOSs due to 2pz orbitals for various stacking configurations: (a) δa =0, (b) δa =1/8,
(c) δa =4/8, (d) δa =1, (e) δa =11/8, (f) δa =12/8, (g) δz =1/8; (h) δz =3/8.
Figure 9: The shift dependence of van Hove singularities at (a) low and (b) middle energies.
Figure 10: Geometric structures of (a) armchair ripple and nanotube and (b) zigzag ripple and
nanotube. (c) The rippling period l and the amplitude h. (d) The rectangular
Brillouin zone of graphene ripple.
Figure 11: (a) Energy bands of armchair ripples along the Γ Y direction at distinct curvatures
and periods. Band structures in energy-wave-vector space for a Nλ = 6 armchair
ripple at (b) Cr = 0.09 and (c) Cr = 0.53. Also shown in (a) is the dashed curve for
a (3, 3) armchair nanotube.
Figure 12: Energy bands of a Nλ = 5 zigzag ripple at various curvatures along the (a)-(d) Γ X
and (e) Γ Y directions. (f) and (g) Energy bands for the critical curvature with
periods of Nλ = 5 and 9. Band structures in energy-wave-vector space for a Nλ = 5
zigzag ripple at (h) Cr = 0.05 and (i) Cr = 0.27. Also shown in (e) is the dashed
curve for a (5, 0) zigzag nanotube.
Figure 13: The spatial charge distributions: (a) a planar graphene, (c) a Nλ = 6 armchair ripple
at Cr = 0.53 and (e) a Nλ = 5 zigzag ripple at Cr = 0.27. (b), (d) and (f) are those for
the charge differences. The right-hand sides present four kinds of chemical bondings
between two carbons, and the similar distributions for (3, 3) and (5, 0) nanotubes.
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Figure 14: Density of states: (a) armchair and (b) zigzag ripples with various curvatures and
periods. The orbital-projected DOS for (c) a Nλ = 6 armchair ripple at Cr = 0.53
and (d) a Nλ = 5 zigzag ripple at Cr = 0.27. DOSs of (3, 3) and (5, 0) nanotubes are
shown in (a) and (b), respectively.
Figure 15: Geometric structures of GOs with various unit cells and concentrations: (a) O:C=1:2
(Z), (b) O:C=3:6 (A), (c) O:C=7:14 (C) (d) O:C=1:8 (Z), (e) O:C=1:18 (Z), (f)
O:C=1:24 (A), (g) O:C=1:50 (Z), and (h) O:C=1:98 (Z). Various oxygen distributions
are denoted by numbers, corresponding to different concentrations listed in Table 1.
Figure 16: Band structures of GOs with various concentrations: (a) 50% (Z), (b) 50% (A),
(c) 50% (C), (d) 33.3% (A), (e) 25% (Z), (f) 22.2% (Z), (g) 5.6% (Z), (h) 4.2%
(A), (i) 3% (Z), and (j) 1% (Z). Superscripts c and v correspond to the conduction
and valence bands, respectively. The red and blue circles, respectively, correspond
to the contributions of passivated C atoms and O atoms, in which the dominance is
proportional to the radius of circle. Also shown in the inset of (a) is the first Brillouin
zone.
Figure 17: The band-decomposed charge density of (a) pristine graphene, (b) 50% (Z), (c) 33.3%
(A), (d) 4.2% (A), and (e) 1% (Z) O-concentrations, in which the side views of pi
bondings are plotted along the dashed orange line of the corresponding top view one.
Figure 18: The charge density (plotted in xz-plane) of (a) pristine graphene, (b) 50% (Z), (c)
50% (A), (d) 33.3% (A), (e) double-side 50% (Z), and (f) double-side 25% (Z). The
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top view of charge density difference and its projections on xz- and yz-planes for (g)
pristine graphene (only xz-plane is shown), (h) 50% (Z), (i) 50% (A), (j) 33.3% (A),
(k) double-side 50% (Z), and (l) double-side 25% (Z). (Z). The xy-plane projections
are also shown to clarify the orbital hybridizations in the O-O bonds.
Figure 19: Orbital-projected DOSs of GOs with various O-concentrations: (a) 50% (Z), (b) 50%
(A), (c) 50% (C), (d) 33.3% (A), (e) 25% (Z), (f) 22.2% (Z), (g) 5.6% (Z), (h) 4.2%
(A), (i) 3% (Z), and (j) 1% (Z).
Figure 20: Band structures of oxygen adsorbed few-layer graphenes: (a) AA stacking, (b) AB
stacking, (c) AAA stacking, and (d) ABA stacking.
Figure 21: Band structures of double-side adsorbed GOs with the oxygen concentration of (a)
50% (Z), (b) 33.3% (A), (c) 25% (Z), (d) 11.1% (Z), (e) 4% (Z), (f) AA stacking, (g)
AB stacking, and (h) AAA stacking.
Figure 22: Geometric structures of single-side hydrogenated graphene with top view and side
view: (a) H:C = 4:8 = 50% (Z), (b) H:C = 2:6 = 33.3% (A), (c) H:C = 2:8 = 25%
(Z), (d) H:C = 1:6 = 16.7% (A), (e) H:C = 2:18 = 11.1% (Z), (f) H:C = 1:14 = 7.1%
(C), (g) H:C = 2:8 = 25% (Z), (h) H:C = 2:18 = 11.1% (Z), (i) H:C = 2:24 = 8.3%
(A), and (j) H:C = 2:32 = 6.3% (Z). (g)-(j) do not have the spin configurations.
Figure 23: Band structures of single-side hydrogenated graphenes with spin polarizations: (a)
50% (Z), (b) 33.3% (A), (c) 25% (Z), (d) 16.7% (A), (e) 11.1% (Z), and (f) 7.1% (C)
H-concentrations.
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Figure 24: Band structures of single-side hydrogenated graphenes without spin polarizations:
(a) 25% (Z), (b) 11.1% (Z), (c) 8.3% (A), and (d) 6.3% (Z) H-concentrations.
Figure 25: The spin-density distribution of single-side hydrogenated graphenes with top- and
side-views: (a) 50% (Z), (b) 33.3% (A), (c) 25% (Z), (d) 16.7% (A), (e) 11.1% (Z),
and (f) 7.1% (C) H-concentrations. The red isosurfaces represent the charge density
of spin-up configuration, whereas the green circles point out the position of H atoms.
Figure 26: The charge densities of (a) 50% (Z), (b) 11.1% (Z), (c) 33.3% (A), (d) 7.1% (C) , (e)
double-side 100% (Z), and (f) double-side 8.3% (A) hydrogenated graphenes. The
corresponding charge density differences are, respectively, shown in (g)-(l).
Figure 27: The orbital-projected DOSs of single-side hydrogenated graphenes for various H-
concentrations: (a) 50% (Z), (b) 33.3% (A), (c) 25% (Z), (d) 16.7% (A), (e) 11.1%
(Z), (f) 7.1% (C), (g) 25% (Z), (h) 11.1% (Z), (i) 8.3% (A), and (j) 6.3% (Z). The
non-magnetic systems in (g)-(j) present the spin-degenerate DOSs.
Figure 28: Geometric structures of double-side hydrogenated graphene with top and side views
for (a) 100% (Z), (b) 33.3% (A), (c) 25% (Z), (d) 14.3% (C), (e) 6.3% (Z), (f) 4%
(Z), (g) 11.1% (Z), and (h) 8.3% (A) H-concentrations.
Figure 29: Band structures of double-side hydrogenated graphenes without spin polarizations:
(a) 100% (Z), (b) 25% (Z), (c) 6.3% (Z), (d) 4 % (Z), (e) 2% (Z), (f) 33.3% (A), (g)
14.3% (C), and (h) 1.6% (C) H-concentrations.
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Figure 30: Band structures of double-side hydrogenated graphenes with spin polarizations and
their corresponding spin-density distributions: (a) 11.1% (Z) and (b) 8.3% (A) H-
concentrations.
Figure 31: The orbital-projected DOSs of double-side hydrogenated graphenes: (a) 100% (Z),
(b) 25% (Z), (c) 2% (Z), (d) 33.3% (A), (e) 14.3% (C), (f) 1.6% (C), (g) 11.1% (Z),
and (h) 8.3% (A) H-concentrations. The red isosurfaces represent the charge density
of spin-up configuration, whereas the green circles point out the position of H atoms.
Figure 32: Geometric structures of halogen-doped graphene for (a) double-side 100% (Z), (b)
double-side 50% (Z), (c) 50% (Z), (d) 25% (Z), (e) 16.7% (A), and (f) 3.1% (Z)
halogen-concentrations.
Figure 33: Band structures for (a) a pristine graphene, and the (b) F-, (c) Cl-, (d) Br-, (e) I-, and
(f) At-doped graphenes with concentration X:C = 1:32 = 3.1% (Z). The green circles
correspond to the contributions of adatoms, in which the dominance is proportional
to the radius of circle.
Figure 34: Band structures of F-doped graphenes: (a) double-side F:C = 8:8 = 100% (Z), (b)
double-side F:C = 4:8 = 50% (Z), (c) F:C = 4:8 = 50% (Z), (d) F:C = 2:8 = 25%
(Z), (e) F:C = 1:6 = 16.7% (A), and (f) F:C = 1:18 = 5.6% (Z) concentrations. The
green and red circles correspond to the contributions of adatoms and passivated C
atoms, respectively.
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Figure 35: Band structures of Cl- and Br-doped graphenes: (a) double-side Cl:C = 8:8 = 100%
(Z), (b) double-side Cl:C = 4:8 = 50% (Z), (c) Cl:C = 2:8 = 25% (Z), (d) Cl:C = 1:6
= 16.7% (A), (e) Cl:C = 1:8 = 12.5% (Z), (f) double-side Br:C = 8:8 = 100% (Z),
(g) Br:C = 2:8 = 25% (Z), and (h) Br:C = 1:8 = 12.5% (Z) concentrations.
Figure 36: The spin-density distributions with top and side views, for various concentrations:
(a) F:C = 50% (Z), (b) F:C = 16.7% (A), (c) Cl:C = 12.5% (Z), (d) Br:C = 12.5%,
(e) Cl:C = 3.1%, and (f) Br:C = 3.1%. The red isosurfaces represent the charge
density of spin-up configuration.
Figure 37: The charge densities of: (a) pristine graphene, (b) F:C = 8:8 = 100% (Z), (c) F:C =
2:8 = 25% (Z), and (d) F:C = 1:32 = 3.1% (Z). The corresponding charge density
differences of fluorinated graphenes are, respectively, shown in (e)-(g).
Figure 38: The charge densities of chlorinated graphenes: (a) Cl:C = 8:8 = 100% (Z), (b) Cl:C
= 2:8 = 25% (Z), and (c) Cl:C = 1:32 = 3.1% (Z). The corresponding charge density
differences are, respectively, shown in (d)-(f).
Figure 39: Orbital-projected DOSs of fluorinated graphenes for various concentrations: (a) double-
side F:C = 100% (Z), (b) F:C = 25% (Z), (c) F:C = 50% (Z), (d) F:C = 16.7% (A),
(e) F:C = 5.6% (Z), and (f) F:C = 3.1% (Z).
Figure 40: Orbital-projected DOSs of Cl- and Br-doped graphenes for various concentrations:
(a) double-side Cl:C = 100% (Z), (b) double-side Cl:C = 50% (Z), (c) Cl:C = 16.7%
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(A), (d) Cl:C = 12.5% (Z), (e) Cl:C = 3.1% (Z), (f) double-side Br:C = 100% (Z),
(g) Br:C = 25% (Z), and (h) Br:C = 3.1% (Z).
Figure 41: Geometric structures of alkali-adsorbed graphene for (a) 50% (A), (b) 16.7% (A), (c)
12.5% (Z), (d) 5.6% (Z), (e) 4.2% (A), and (f) 3.1% (Z) alkali-concentrations.
Figure 42: Band structures for (a) a pristine graphene, and the (b) Li-, (c) Na-, (d) K-, (e) Rb-,
and (f) Cs-adsorbed graphenes in 4× 4 supercell. The blue circles correspond to the
contributions of adatoms, in which the dominance is proportional to the radius of
circle.
Figure 43: Band structures of Li-adsorbed graphenes with various concentrations: (a) 50%, (b)
16.7%, (c) 12.5%, (d) 5.6%, (e) 100%, and (f) 25%, in which the last two belong to
double side adsorption. The blue circles correspond to the contributions of adatoms.
Figure 44: The spatial charge distributions of Li-adsorbed graphenes with (a) 3.1%, (b) 5.6%, (c)
50%, and (d) 100% concentrations, and (e) K-, (f) Cs-adsorbed graphenes with 3.1%
concentrations. Those of nanoribbon systems are shown for (g) NZ = 8 & (1)single
and (h) NA = 12 & (1)single.
Figure 45: Orbital-projected DOSs for (a) pristine, (b) Li-, (c) K-, and (d) Cs-adsorbed graphenes
with 3.1% concentration, and Li-adsorbed graphene with (e) 5.6%, (f) 16.7%, (g) 50%,
(h) 100% concentrations.
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Figure 46: Geometric structures of alkali-adsorbed graphene nanoribbons for (a) NA = 12 arm-
chair and (b) NZ = 8 zigzag systems. The dashed rectangles represent unit cells used
in the calculations. The lattice constants Ix are, respectively, a = 3b and a = 2
√
3b for
armchair and zigzag systems. Numbers inside hexagons denote the adatom adsorp-
tion positions. The spin configurations of pristine, (1)single and (7)single are indicated
in (c), (d) and (e), respectively. Blue and red circles, respectively, represent spin-up
and spin-down arrangements.
Figure 47: Band structures of NA = 12 armchair systems for (a) a pristine , (b) Li & (1)single,
(c) K & (1)single, (d) Cs & (1)single, (e) Li & (1,10)single, (f) Li & (3,7)single, (g) Li
& (3,7)double, (h) Li & (1,4,7,10)double, and those of NZ = 8 zigzag systems for (i) a
pristine, (j) Li & (1)single, (k) Li & (7)single, and (l) Li & (1,13)single. Blue circles
represent the contributions of alkali adatoms.
Figure 48: Orbital-projected DOSs in Li-adsorbed graphene nanoribbons of NA = 12 armchair
systems for (a) a pristine nanoribbon, (b) (1)single, (c) (1,10)single, and (d) (3,7)single.
Those of NZ = 8 zigzag systems are shown for (e) a pristine nanoribbon, (f) (1)single,
(g) (7)single, and (h) (1,13)single.
Figure 49: Side view and top view geometric structures of aluminum-adsorbed graphene for (a)
12.5% (A), (b) 5.6% (A), (c) 4.2% (Z), and (d) 3.1% aluminum-concentrations.
Figure 50: Band structures of (a) pristine graphene and Al-adsorbed graphenes with various
concentrations: (b) 12.5%, (c) 5.6%, (d) 4.2%, (e) 3.1%, and (f) 25%, in which
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the last one belong to double side adsorption. The blue circles correspond to the
contributions of adatoms.
Figure 51: The spatial charge distributions of Al-adsorbed graphenes with (a) 12.5%, (b) 5.6%,
and (c) 3.1% concentrations.
Figure 52: Orbital-projected DOSs for (a) pristine graphene and Al-adsorbed graphenes in (b)
12.5%, (c) 5.6%, (d) 4.2%, (e) 3.1%, and (f) 25% concentrations.
Figure 53: Geometric structure of 4H-SiC (0001) substrate, buffer layer, monolayer rgaphene,
and bismuth adatoms. C, Si and Bi are, respectively, indicated by the gray, yellow
and purple solid circles.
Figure 54: (a) Ground-state energies of bismuth adsorption on different sites above monolayer
graphene. (b) Geometric structures of hexagonal Bi array.
Figure 55: (a) Geometric structures of Bi nanoclusters. (b) Density of states for hexagonal Bi
array.
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